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PREFACE 


This  symposium  was  concerned  with  the  improving  possibilities  available  from  various  variable  geometry  compo- 
nents both  in  service  and  under  study  and  test  now. 

High  performance  of  aero  engines  in  different  phases  of  the  flight  missions  cannot  be  attained  by  conventional 
engines  with  one  design  point  only.  Change  from  one  design  point  to  another  is  feasible  by  using  geometry  variation  in 
the  different  components  of  engines  like  intake,  fan.  compressor,  combustor,  turbine,  afterburner,  and  nozzle.  Moreover, 
change  from  one  thermodynamic  cycle  to  another  is  possible  if,  e.g.  by-pass  ratio  and/or  energy  inputs  in  the  different 
How  : ssages  are  varied. 

Both  military  and  civil  aspects  of  variable  geometry  engines  were  analyzed,  a broad  variety  of  cycle  investigations 
presented  as  well  as  work  on  geometry  variation  of  the  individual  engine  components.  Advanced  performance  both  for 
supersonic  conventional  take-off  and  landing  aircraft  and  for  VTOL  aircraft  and  for  VTOL  were  shown.  High  speed 
turbo-props  are  likely  to  offer  improvements  in  fuel  conserving  engine  design  as  variable  turbines  do.  Lower  exhaust 
emission  rates  are  to  be  expected  when  using  variable  combustors.  But  integrated  control  systems  only  will  enable  full 
exploitation  of  advantages  and  papers  presented  on  this  subject  found  great  interest.  Discussions  of  individual  presenta- 
tions and  the  final  Round  Table  Discussion  placed  concern  on  weight  and  complexity  problems  of  the  engines  under  con- 
sideration and  tried  to  identify  what  risks  and  costs  are  likely  to  be  involved.  Still,  favourable  SEC  in  reheat  and  dry 
conditions  at  subsonic  and  supersonic  speeds,  the  improvements  in  the  matching  of  engine  mass  How  to  intake  capacity 
in  all  tught  conditions  and  the  improvement  of  engine  operating  stability  are  considered  to  pay  off  sufficiently. 

It  was  felt  that  the  symposium  provided  a stimulating  forum  for  debating  the  potential  benefits  offered  by  variable 
cycle  engines,  and  for  reviewing  the  progress  in  variable  geometry  component  technology  which  will  ultimately  determine 
the  extent  to  which  these  benefits  will  be  achievable  in  practice.  There  was  left  no  doubt  that  more  extensive  variability 
than  is  currently  exploited  will  be  a feature  of  future  power  plants  for  particularly  demanding  applications. 


PREFACE 

L’objet  de  ce  symposium  ctait  fexamen  des  possibilities  d’amelioration  offertes  par  les  divers  composants  a geo- 
metric variable,  soit  deja  en  service,  soit  aetuellement  au  stade  des  etudes  et  des  essais. 


On  ne  peut  obtenir  d-  performances  elevees  dans  les  differentes  phases  des  missions  de  vot  avec  des  moteurs 
d'avions  classifies  presentant  un  seul  point  d'adaptation.  On  peut  cependant  passer  d'un  point  d'adaptation  a un  autre 
grace  au  concept  de  la  geometric  variable  applique  a divers  composants  du  motcur  tels  que  entree  d’air,  soufflante, 
compresseur,  chambrc  de  combustion,  turbine,  post-combustion  et  tuyere.  D’autre  part,  le  passage  d’un  cycle  thermo- 
dynamique  a un  autre  est  realisable  si,  par  example,  on  fait  varier  le  rapport  de  dilution  et/ou  les  apports  denergie  dans 
les  differents  passages  de  I’ecoulement. 


Au  cours  des  divers  exposes,  les  aspects  a la  Ibis  militaires  et  civils  des  moteurs  a geometric  variable  out  etc  analyses, 
et  les  resultats  d’etudes  nombreuses  et  diverses  sur  les  cycles  et  sur  les  variations  de  geometric  des  composants  de  moteur 
ont  etc  presentes.  On  a montre  les  performances  elevees  obtenues  tant  sur  des  avions  supersoniques  a decollage  et 
att-rrissage  classiques  que  sur  des  ADAVs.  La  conception  des  turbo-propulseurs  a grande  vitesse  est  susceptible  d’etre 
amelioree  du  point  de  vue  consummation  de  carburant,  tout  commc  fa  ete  eelle  des  turbines  a geometric  variable.  De 
meme,  on  obtiendra  des  taux  d’emission  de  gaz  d’ecliappeineut  phis  faibles  grace  aux  chambres  de  combesion  a geometric 
variable.  Mais  seuls  les  systemes  de  eommande  integres  permettront  d’exploiter  pleinement  ces  avantages  at  les  exposes 
traitant  de  cette  question  ont  suscite  un  vif  interet,  Au  cours  des  discussions  qui  suivirent  la  presentation  de  chaque  ex- 
pose, et  pendant  la  "Table  Ronde".  1’accent  ful  mis  sur  les  problemes  lies  au  poids  et  a la  complexite  des  moteurs  etudies, 
et  sur  la  determination  des  risques  et  des  couts  probablement  impliqties.  Une  combustion  specifique  favorable  avec  ou 
sans  rechauffe  aux  vitesses  subsoniques  et  supersoniques,  une  meilleur  adaptation  du  debit  du  moteur  a la  eapacite  des 
prises  d’air  dans  toutes  les  conditions  de  vol,  et  1 ’amelioration  de  la  stabilite  de  tone t ion nement  du  moteur  sent  toujours 
considerees  coniine  des  factcurs  suffisaiiiment  valables. 

De  1'avis  de  tous,  ce  Symposium  a donne  lieu  a des  debats  stimulants  sur  les  avantages  potentiels  presentes  par  les 
moteurs  a cycle  variable,  et  a pennis  de  faire  le  point  des  progres  qui  out  marque  la  teehnologie  de  ee  domaine,  progres 
dont  depend,  en  fin  de  eonipte,  la  realisation  concrete  de  ces  avantages.  !!  ‘amble  hors  de  dome  que  les  s>steines 
propulsifs  de  I’avenir  seront  earacterises  par  un  degre  de  geometric  variable  plus  pousse  qu’a  I’lieurc  aetuelle  en  ec  qui 
coneerne  les  applications  aux  exigences  particulieres. 
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SUMMARY 

Studies  of  new  mission  opportunities  and  design  concepts  for  military  aircraft,  both  in  short-range  and  long- 
range  air-to-ground  combat  aircraft,  suggest  that  the  direction  for  new  military  engine  developments  could 
change  course  to  accommodate  multi-mission  vehicles  which  are  truly  supersonic  in  their  principal  role.  The 
paper  discusses  several  concepts  for  engine  development  and  the  apparent  opportunities  such  advancements 
offer  in  terms  of  either  vehicle  performance  or  total  system  cost. 

Engine  opportunities  are  discussed  for  both  medium-range  air-to-surface  attack  vehicles  and  for  long-range, 
supersonic  vehicles  with  high  altitude,  recon/strike  capability. 


1.0  INTRODUCTION 

For  the  past  decade  or  two,  military  engine  development  in  the  free  world  has  centered  around  fixed 
cycle,  afterburning  ( A/B)  turbofan  engines.  The  emphasis  has  been  on  simplicity  with  few  variable  com- 
ponents. The  design  condition  for  the  military  missions  have  been  predominately  at  high  subsonic 
speeds.  The  air-to-air  superiority  fighters  have  placed  maximum  emphasis  on  persistence  (tight  combat 
turns  and  high  rates  of  climb)  using  the  engine  in  full  A/B  inode,  with  the  transonic  cruise  legs  per- 
fc.-  ,ed  at  maximum  dry  power.  Supersonic  flight  has  been  a fallout  in  full  A/B  power.  Technological 
goal?-  for  these  engines  have  been  aimed  at  maximizing  engine  thrust/weight  ratio;  hence,  the  core 
engines  have  been  designed  with  a steady  increase  in  combustor  exit  temperature,  use  of  cooled,  single 
stage  high  pressure  turbines  where  possible,  and  core  compressors  with  very  high  pressure  ratio  per 
stage.  The  overall  engines  are  configured  with  very  low  bypass  ratio  fans.  Additionally,  design 
ingenuity  with  use  of  advanced  materials,  seals  and  bearings  have  aided  greatly  in  the  achievement  of 
thrust/weight  ratios,  for  reasonable  military  life,  exceeding  8:1.  These  engine  designs  also  allow 
for  relatively  simple,  variable  area  nozzles. 

Interdiction  aircraft  have  and  are  being  developed  with  varying  radius  mission  capabilities  based  on 
somewhat  similar  engines.  Engine  requirements  for  this  type  of  aircraft,  compared  to  the  fighter  air- 
craft, result  in  higher  compressor  pressure  ratios,  somewhat  higher  fan  bypass  ratios,  and  more  sophis- 
ticated con-di  ejector  nozzles  which  put  more  emphasis  on  installed  drag  because  of  the  more  difficult 
cruise  mission  range  requirements.  Once  again,  the  aircraft  supersonic  flight  ipability  is  a fallout. 
There  are  an  abundance  of  aircraft  in  development  for  these  two  roles;  hence,  . c is  natural  that  atten- 
tion be  given  to  at  least  one  new  role  and  perhaps  one  neglected  area.  These  are  the  all  supersonic, 
air-to-surface  attack  vehicle  and  the  very  high  altitude,  lonq  range,  all  supersonic  recon/strike 
vehicle,  respectively. 

Unfortunately,  there  are  those  who  feel  that  designers'  past  efforts  at  supersonic  cruising  vehicles 
have  been,  at  best,  only  marqinally  successful.  This  misconception  can  readily  be  corrected  with  dedi- 
cation to  the  supersonic  mode,  as  one  needs  only  to  point  to  the  Concorde  to  see  chat  excellent  design 
with  outstanding  range  factor  can,  in  fact,  be  developed.  The  difficulty  begins  when  one  tries  to 
combine  good  supersonic  cruise  capability  with  equally  good  off-design  performance. 

In  the  past,  the  supersonic  performance  has  been  deqraded  in  favor  of  transonic  maneuver  and  low  alti- 
tude penetration.  Furthermore,  it  is  not  clear  what  mission  versatility  will  be  required  to  make  either 
of  these  suggested  vehicles  viable,  but  pressures  are  certain  to  be  placed  on  the  engine  designer  to 
offer  multimode  enqine  capability  unlike  that  in  operation  today. 

The  idea  of  considering  concepts  for  engines  other  than  conventional  turbofans  with  augmentation  for 
military  aircraft  was  first  seriously  expressed  in  the  U.S.  a few  years  ago  (Reference  1,  3 and  4)  as 
the  result  of  considerable  effort  to  define  efficient  dry-power  engines  for  supersonic  cruise  that 
would  meet  transonic  acceleration  and  long  subsonic  leg  requirements  on  the  U.S.  SST  Program.  It  was 
suggested  at  that  time  that  the  engine  manufacturers  should  consider  concepts  which  would  provide  both 
a multiplier  in  air  flow  as  well  as  pressure  ratio  as  a means  to  produce  efficient  matching  for  a 
variety  of  operating  conditions,  especially  when  efficient  sustained  supersonic  cruise  is  desired. 

Figure  1.  showing  an  array  of  ideas  worth  examination,  is  extracted  from  one  such  reference  to  illus- 
trate the  manner  in  which  our  thinking  must  be  expanded  to  achieve  good  supersonic  cruising  vehicles 
which  could  also  support  secondary  missions  in  an  effective  manner.  It  is  recognized  that  tne  degree 
to  which  one  can  sell  supersonic  cruise  depends  on  cost-effectiveness  and,  hence,  multi-mission  capa- 
bility is  fundamental  to  the  consideration  of  such  engine  concepts. 
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From  those  days,  the  U.S.  technical  conmunity 
has  moved  slowly  In  achieving  definition  of 
practical  engines  for  such  missions.  Figure 
2 Illustrates  the  varying  degree  of  increased 
engine  sophistication  which  can  now  be  con- 
sidered in  examining  the  two  missions  in  this 
paper.  For  the  short-to-medlum-radius  mis- 
sion of  the  afr-to-surface  attack  penetrator, 
variable  cycle  engines  which  provide  limited 
to  moderate  air-flow  variation  through  vari- 
able turbine  area  and  variable  nozzles  and 
compressor  stator  blades  in  combination  with 
high  throttle  ratio  (high  flow  at  cruise), 
are  being  examined  to  identify  their  compar- 
ative merits  on  such  missions. 


2.0  MEDIUM-RANGE  AIR-TO-SURFACE 
ATTACK  AIRPLANE 

A possible  primary  and  alternate  mission  pro 
file  for  the  a 1 r-to-surface  attack  aircraft  is 
shown  on  Figure  3.  Such  a vehicle  would  be 
expected  to  operate  a large  percentage  of  its 
life  at  dry  supersoniccruise  near  40-50,000 
feet  altitude  and  at  speeds  in  the  neighbor- 
hood of  Mach  1.6  - 2.0  depending  on  engine  avail- 
ability  for  dry  supersonic  operation. 


MIXED  BURNING  (CURRENT} 

• Variable  geometry  fam  and 
compressor 

• Conventional  control 


HIGH  THROTTLE  RATIO  VGT 

• Increased  airflow  control 

• Variable  area  turbine 


DUCT  BURNING 

• Increased  airflow  control 

• Adjustable  nozzles 

• Variable  compressors 


VARIABLE  PRESSURE  RATIO 

• Pressure  ratio  control 

• Bypass  ratio  control 

• Ad|ustab*e  nozzles 


REAR  VALVED 

• Pressure  ratio  control 

• Bypass  ratio  control 

• Adjustable  nozzles 


Figure  2 Engine  Candidates 
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Figure  3 Air-tu- Surface  Medium  Range  Mission 


Alternate  Air-to- Surface  Medium  Range  Mission 


This  aircraft  may  further  be  required  to  perform  evasive  maneuvers  at  these  speeds  though  not  engage  in 
true  air-to-air  fighter  activities.  On  a'ternate  missions  or  as  a part  of  the  same  mission,  it  may  be 
required  to  operate  at  lower  altitudes  and  nigh  transonic  speeds  for  weapon  release  with  a much  higher 
maneuverability  requirement.  The  deqree  to  which  such  activities  can  successfully  occur  will  depend, 
in  part,  on  the  ability  of  the  airframe  and  engine  manufacturers  to  develop  very  low  drag  aircraft  and 
a low  total  system  weight  with  weapons  installed. 

To  do  justice  to  the  supersonic  cruise/surface  attack  mission,  the  aircraft  must,  be  stealthy  (low  l.R. 
radar  cross-section,  and  be  relatively  small)  and  it  must  be  able  to  maneuver  at  reasonably  high  alti- 
tudes. Hence,  one  task  is  to  design  an  aircraft  with  very  low  drag  characteristics,  ui th  weapons  con- 
formally insta I led, over  much  of  the  flight  envelope  and  with  minimum  overall  vehicle/weapon  weight. 
Figure  4 shows  an  artist's  conception  of  such  a vehicle  presented  to  illustrate  the  clear  admission  of 
supersonic  cruise  capability.  Figure  S is  representative  of  the  drag  levels  which  may  be  possible  for 
such  a vehicle.  Further,  it  must  be  the  objective  to  cruise  on  dry  power  for'  reasons  of  low  l.R.  and 
to  maintain  small  aircraft  size.  One  major  concern,  therefore,  is  the  engine  design  philosophy. 


Figure  4 Medium  ttaugp  Aif-lu-Air  Suitree  Attack  Atreiali 


1 1 High  Throttle  Ratio 


A first  cons iderat Jon  for  a true  supersonic  a .) -to-surface  attack  vehicle,  designed  to  cruise  in  the 
M T 1.6  - 2.0  region,  is  to  point-design  the  engine  for  the  supersonic  condition  and  to  make  whatever 
adjustments  are  needed  to  the  cycle  to  take  care  of  other  requirements.  This  thought  process  leads  to 
the  use  of  High  Throttle  Ratio  in  design,  whether  the  engine  is  a "leaky"  turbojet  or  a modest -bypass 
turbofan . 


Traditionally,  combat  engines  in  the  j>nst  have  been  designed  at  sea  level  static  conditions  (equivalent 
to  M - 1.28  at  36,080  feet  from/” jj/j  considerations)  and  as  long  as  prolonged  flight  was  in  the  high 
subsonic  to  transonic  speed  region,  no  apparent  serious  penalty  was  incurred. 
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Throttle  Rat  o,  in  this  pape\  is  defined  as  the  ratio  of  maximum  cycle  temperature  at  supersonic 
ciuise  to  sea -1  evel  - takeof  ’’  temperature.  In  the  past,  the  industry  h'S  commonly  used  ratios  less  than 
unity  For  the  propo'„d  aircraft,  one  must  think  currim  emginisiow  tHRotru  ratio(A) 

of  raios  weil  ir  '..cess  of  mitv  The  choice  of  M,0M  throthi  ratio  «ugim  io> 

resign  throttle  r.f,  -.oil  depend  on  the  drag  of 
the  aircr  ft  at  cruise  as  well  a«  tt.  at  tran- 
son1;:  uanevver.  Augmentation  won  d be  user,  as  re- 
quired fr  takeoff,  c' imt  and  > ane-ve".  Figure  6 
il  lus"v.tes  the  throttle  .atio  co.  .mu  Engines 
designed  at  sea  level  static  and  then  operated  at 
a Mach  number  of  2.0  suffer  a cr,isideraK1e  reduc- 
tion in  dry  thrust  due  to  requirements  for  com- 
pressor air  flow  matching  at  all  inlet  tempera- 
tures across  the  complete  Much  number  spectrum  of 

the  operational  aircraft,  machirumbir 


Figure  6 Throttle  Ratio  Scheduling 

The  HTR  design  principle  has  evolved  over  the  years  from  the  continual  quest  to  obtain  maximum  pressure 
rise  per  stage  and,  hence,  fewest  number  of  stages  resulting  in  the  aforestated  desire  for  highest  thrust- 
to-weight  ratio  engines  with  the  shortest  length.  With  this  type  of  design  philosophy,  the  maximum  tur- 
bine inlet  temperature  is  a fallout  as  a function  of  the  power  requirement  the  turbine  is  called  upon  to 
deliver  at  the  higher  Mach  number  condition.  The  maximum  usable  power  is  limited  by  the  disc  structure 
again  set  by  material  technology  and  the  ever  present  quest  for  minimum  weight.  Since  turbine  nozzle 
area  has  always  been  fixed,  and  the  pressure  supplied  to  the  turbine  is  limited  by  available  rotor  speed, 
the  power  output  is  adjusted  and  limited  by  the  turbine  inlet  temperature. 


The  result  of  this  design  philosophy  has  been  that  the  nonafterburning  thrust-to-weight  of  our  engines 
at  altitude/Mach  number  is  quite  low.  As  a rule,  it  Is  frequently  not  quoted.  On  the  surface  it  would 
appear  that  any  deviation  from  this  approach  would  cause  the  engine  to  be  extremely  heavy  because  the 
enqirie  would  be  forced  to  be  long  and  all  discs  stronger  and,  hence,  heavier.  In  fact,  studies  have 
suggested  that  the  expected  weight  penalty  aiay  not  be  fundamental  to  an  engine  with  a different  basic 
design  philosophy;  namely,  we  are  proposing  to  design  the  engine,  including  compressor  and  turbine  aero- 
dynamics at  or  near  the  planned  cruise  speed  such  that  corrected  air  flow  remains  constant.  When  this 
is  done,  as  shown  cn  Figure  6,  it  is’ temperature  derated  at  reduced  Mach  numbers  to  match  the  fixed 
turbine  area  and  fiijed  compressor  operating  point.  This  now  leads  to  reduced  transonic  and  takeoff 
tnrust,  which  must  be  offset  with  augmentation  or  by  a combination  of  other  concepts  to  be  discussed 
shortly. 


Studies  suggest  that  the  consequence  of  a High  Throttle  Ratio  design  can  be  enormous.  In  one  such 
study,  the  dry  turbojet  size  was  reduced  some  11.  in  diameter  and  26'  in  frontal  area  for  a composite 
structure  Mach  1 . b airframe  design  when  compared  to  a conventional  engine  with  dry  power.  This  is 
illustrated  in  Figures  7 and  8.  For  this  design,  we  r >se  to  use  a 1.25  throttle  ratio  as  shown  in 
Figure  7.  The  installed  cruise  SFC  was  reduced  by  the  ,<TR.  Additional  benefits  may  be  possible  with  a 
simplified  intake  because  the  engine  operates  at  constant  corrected  air  flow  across  the  Mach  number 
spectrum,  suggesting  that  the  inlet  might  be  simplified  with  the  fixed  throat  requirement.  At  tran- 
sonic conditions  for  this  highly  tailored  aircraft  design,  the  HTR  engine  offered  marginally  acceptable 
dry  thrust  for  one  "g"  flight.  The  thrust  could  be  corrected,  in  part,  with  application  of  augmenta- 
tion. However,  as  shown  in  Figure  9,  when  the  HTR  feature  is  combined  with  a variable  area  turbine 
(Reference  2)  the  cycle  can  be  rema'ched  to  allow  a greater  temperature  rise  in  the  combuster  (before 
turbine  area  becomes  Mmiting)  and.  hence,  a large  increase  in  transonic  thrust. 
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The  effect  of  HTR  on  takeoff  thrust.  Is  il- 
lustrated in  Figure  9,  showinq  that  the  mer- 
its of  HTR  are  taxed  where  available  field 
lengths  are  short,  and  some  oversizing 
(reduction  in  throttle  ratio)  may  be  required 
to  increase  full  A/B  takeoff,  if  additional 
aircraft  lift  augmentation  cannot  be  develop- 
ed by  aerodynamic  means.  It  is  compromises 
like  these  which  may  in  the  limit  establish 
the  top  cruise  spet.-d  which  can  be  developed 
effectively  with  dry  thrust,  it  is  doubtful 
that  the  HTR  principle  can  be  corsidereo  for 
design  cruise  speeds  much  in  excess  of  Mach 
2.0. 


2.2  Mission  Requirements 


Figure  V Takeoff  Thrust  Improvement  for  HTR  Fngincs 


For  the  purpose  of  i 1 lustration,  a primary  mission  is  defined  as  occurring  from  an  airfield  of  fixed 
maximum  field  length  followed  by  a clir.b  to  a maximum  subsonic  cruise  range  altitude.  Eriroute  to  the 
entrance  to  hostile  territory,  evasive  maneuvers  of  substantial  "g"  force  are  considered  a requlremer: . 
After  following  the  flight  over  a fixed  subsonic  leg,  the  aircraft  climbs  with  A/B  power  to  the  super 
sonic  cruising  altitude  in  minimum  time.  The  aircraft  levels  off  at  supersonic  design  Mach  number  w1,  • 
the  A/B  shutdown,  crosses  into  hostile  territory  and  performs  a radius  mission.  The  aircraft  return' 
to  base,  initially  at  supersonic  cruising  altitude,  then  at  subsonic  maximum  range  altitude,  and  fin,  v 
loiters  for  a fixed  period  of  time  and  lands.  This  mission  is  illustrated  on  Figure  10. 


The  analysis  method  used  to  compare  engine  concepts  involve  a fixed  aircraft  gross  weight;  the  -frame 
variables  are  optimized  consistent  with  the  engine  cycle  concept;  all  elements  of  the  mission  were  pre- 
scribed with  the  exception  of  the  supersonic  radius  capability;  the  measure  of  goodness  be  • r.ne  com* 
parative  supersonic  ranges  each  engine  concept  offers. 


Of  SIGN  CONDITIONS 
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Figure  10  Medium  Rouge  (Round  Attack  Mission 


Figure  1 1 Cuiwideted  Airframe  Variables 


The  airframe  range  of  variables  used  to  describe  each  configuration  are  shown  o*i  Figure  11.  It  has  been 
found  that  variation  of  airframe  configurations  while  examining  engine  concepts  is  very  important  and 
that  s'mply  freezing  an  aircraft  configuration  for  picking  the  proper  engine  concept  leads  to  very 
erroneous  results.  It  is  often  necessary  to  reconfigure  the  aircraft  layouts  when  the  analysis  suggests 
the  configuration  has  become  far  removed  from  that  for  which  the  basic  drag  polars  and  engine  installa- 
tion arrangement  were  oriqlnally  developed.  This  is  particularly  true  when  the  operations  field  length, 
minimum  maneuver  and  acceleration  capability  are  varied  widely  in  the  study. 

2.S  Nupulxtuu  System* 


Five  engine  types  were  chosen  for  this  paper.  The  design  bypass  ratio,  pressure  ratio,  and  cruise 
throttle  ratio  are  shown  on  Figure  12.  All  engines  were  specified  to  have  the  same  technology  in  terms 
of  combustor  exit  temperature,  cooling  air  flow  and  component  efficiencies.  A complete  study  requires 
variations  on  each  of  the  given  engine  definition  values,  but  for  purooses  of  i 1 lustration,  they  are 
omitted  from  this  paper. 

Figure  13  shows  the  relative  air  flow  lapse  rate  for  the  engines  being  evaluated.  It  must  be  pointed 
out  that  the  break  in  air  flow  schedule  is  quite  arbitrary  for  the  puiposes  of  this  study  and  would  be 
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Figure  13  (ufugLifatiw  Fugue  Airtkna  Umuul 


Figure  12  Sdcvted  Fugue  Cycle  Ue&uUua 


examined  in  great  depth  for  an  actual  engine/airframe  investigation.  In  fact,  this  parameter  must  be 
made  a variable  so  as  not  to  preclude  the  answer  with  the  original  assumptions.  Figure  14  shows  the 
comparative  thrust  lapse  of  the  resulting  engines  and  Figure  15  shows  the  relative  dimensions  of  these 
engines  at  a constant  airplane  T/W. 

2.4  Airplane-Engine  Evaluations 

Figure  16  shows  the  effect  on  optimum  airframe  variables  for  the  given  engines  of  this  paper,  when  maxi 
mum  supersonic  radius  is  computed  at  a fixed  takeoff  thrust/weight  ratio  and  a fixed,  relatively  long 
subsonic  leg  with  field  length  and  acceleration  not  considered  (unrestrained).  Different  airframe 
design  variables  are  suggested  for  the  assumed  fixed  T/W  to  achieve  maximum  supersonic  range.  It  is 
important  that  the  airframe  variables  be  considered  as  ma.ior  orivers  as  they  will  affect  both  field 
length  and  the  basic  configuration  as  well.  The  other  major  driver  is  the  required  subsonic  radius. 

It  will  be  shown  later  that  T/W  is  also  a major  variable  that  must  be  optimized  along  with  the  cycle 
concept  and  the  airframe  variables 


Figure  17  shows  the  relative  supersonic  radius  versus  T/W.  Airplane  variables  are  optimized  at  each 
T/W  until  a minimum  T/W  is  reached  where  the  airframe  no  longer  meets  the  selected  "g"  maneuver  or 
acceleration  time  (in  full  A/B).  Hence,  the  primary  conditions  of  interest  are  the  solid  points  on 
Figure  17,  reconstructed  on  Figure  18  for  comparison.  Each  engine  requires  a considerably  different 
design  T/L  and,  hence,  airframe  configuration.  Mote  that  the  HTR-turbojet  produced  the  best  range  at 
the  lowest  thrust-to-weight  ratio;  however,  field  length  requirements  were  still  unrestrained.  Figure 
19  shows  results  at  a T/W  of  0.90  selected  to  illctrate  an  aircraft  with  better  short-field  takeoff 
capability.  By  comparing  at  the  fixed  T/W,  a whole  new  set  of  engines  appear  to  provide  the  best  range 
which  illustrates  the  extreme  importance  of  properly  selecting  the  study  assumptions.  It  was  shown 
earlier  that  the  HTR-turbojet  would  not  be  expected  to  have  best  takeoff  thrust  by  comparison  to  a con- 
ventional design;  however,  the  Figure  18  comparison  shows  that  where  operating  field  length  is  not  as 
critical,  the  HTR  turbojet  can  perform  with  best  supersonic  radius  considerably  in  excess  of  the  com- 
peting, engines.  However,  where  field  length  considerations  dictate  the  design  (Figure  19),  this  con- 
cept appears  to  suffer  considerably.  There  may  be  a solution  to  this  difficulty.  The  Variable- 


AUGMENTED 

POWER 


DRY  POWER 


Figure  14  Comparative  Thrust  Lapse 
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Figure  15  Engine  Dimension  and  Weight  Comparison 
at  Equal  SLS  Maximum  Thrust 
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Figure  1 7 Maximum  Supersonic  Radius 
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Figure  18  Optimum  System  Performance  at  Constant 
Acceleration  and  Maneuver  Requirement 
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Figure  IV  Performance  Comparison  al  T/W  = .90 

(Fixed  Airplane  Design  and  Equal  Field  Length) 
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Geometry  Turbine  (VGT)  turbojet  appears  to  offer  an  exciting  means  t.o  offset  this  deficiency,  thus  sug- 
gesting that  a second  iteration  of  these  engine;  may  include  a compromise  involving  an  engine  where  both 
HTR  and  VGT  are  incorporated.  Figure  20  shows  a comparison  of  these  same  engine  concepts  when  the 
engines  are  sized  to  meet  maneuver  margin  and  acceleration  time  requirements  with  a fixed  airplane  de- 
sign. Note  that,  again,  the  relative  performance  of  the  engines  show  a considerable  shift  which  illus- 
trates the  large  sensitivity  that  study  ground  rules,  airplane  variables,  and  mission  requirements  can 
play  on  engine  concept  evaluations. 


In  all  the  results  thus  far,  the  degree  of  afterburning  has  been  allowed  to  float.  Therefore,  in  the 
case  of  the  turbofan,  a large  amount  of  A/B  taxes  place  and  less  for  the  turbojet.  What  would  be  the 
case  if  the  engines  were  constrained  to  dry  supersonic  cruise  to  minimize  IR  signatures?  Figure  21 
shows  the  results  of  such  a study  with  the  same  basic  mission  assumptions  as  Figure  20.  The  fan  engines 
fail  to  perform  the  supersonic  mission  and  the  jet.  engines  are  best.  Both  the  HTR  and  the  variable 
geometry  turbine  jet  (which  also  has  HTP  capability)  perform  wel 1 . Hence,  to  perform  an  adequate  study, 
not  only  should  the  engine  concepts  contain  an  array  of  variables,  but  also  those  of  the  aircraft,  and 
finally  the  mission  rules  should  be  sensitized  to  determine  where  the  best  opportunities  exist. 
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Figure  20  Supersonic  Radius  with  Required  Maneuver  and 
Acceleration  Capability  (Fixed  Airplane  Design) 


Figure  21  Optimum  Systems  for  Dry  Supersonic  Cruise 


In  the  examples  shown,  several  interesting  engine  concepts  appear  to  be  competitors.  The  use  of  VGT  in 
combination  with  HTR  shows  up  as  a primary  candidate  although  further  refinement  of  the  process  is 
necessary  before  a strong  final  position  can  be  taken. 

3.0  LONG  '..--'GE  SUPERSONIC  AIRPLANE 

A second  military  system  which  may  soon  get  increased  attention  is  either  the  SR-71  replacement  or  a 
scaled-down  super-Concorde.  The  technology  which  has  evolved  since  such  programs  were  initiated  some 
15-20  years  ago,  by  ongoing  developments,  suggest  that  much  larger  ranges  are  currently  possible  with 
these  vehicles  at  much  lower  weights  and,  hopefully,  at  greatly  reauced  systems  cost. 

An  apparent  major  reason  the  military  have  shied  away  from  expanding  the  role  of  such  a global  system 
is  cost.  The  importance  of  engine  size  and  cruise  fuel  consumption  (airplane  drag  and  engine  SFC)  at 
very  high  altitudes  suggests  that  the  engine  concept  may  want  to  be  entirely  different  than  that  for 
the  air-to-surface  tactical  vehicle.  Extensive  high  altitude  loiter  and  long  subsonic  legs  may  addi- 
tionally be  a requirement  that  could  be  met  to  add  interest  in  this  vehicle.  Since  such  systems  have 
been  costly  in  the  past,  every  effort  must  be  taken  to  make  such  an  aircraft  small.  Figure  22  suggests 
possible  primary  and  alternate  missions  for  such  a vehicle. 
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Figure  22  basic  Lung  Range  Mission 


Alternate  Long  Range  Mission 


With  ttie  great  strides  whicn  have  been  made  in  the  past  twenty  years  in  titanium  sheet,  brazed  and  bonded 
honeycomb  structure,  advanced  high  temperature  composites,  sealants,  intakes,  digital  flight  controls, 
and  aerodynamics,  it  is  now  possible  to  design  an  outstanding  global  recon/strike  system.  Flight  in  the 
Mach  2.7  - 3.5  region  can  now  be  combined  with  reasonable  maneuverability,  good  loiter  and  outstanding 
subsonic  range,  to  provide  far  better  military  cost  effectiveness  than  that  offered  by  a derivative 
SR-71  or  a scaled  Concorde. 


3.1 


The  long-range  recon/strike  vehicle  requires  an  additional  examination  of  more  sophisticated  engines 
because  of  the  much  higher  cruise  mach  number  and  altitude  spectrum.  These  engines  may  need  to  provide 
large  changes  in  operating  pressure  ratio  as  well  as  air  flow  to  achieve  the  substantial  gains  in  fuel 
consumption  and  specified  ranges  necessary  for  the  widely  diversified  use  of  the  aircraft.  Hence,  true 
dual-cycle  engines,  such  as  shown  in  the  bottom  of  Figure  2,  will  be  examined.  In  all  cases,  augmenta- 
tion can  be  added  either  in  the  main  stream,  the  c*n  Hurt  or  both  to  provide  thrust  for  over- 

loaded takeoffs,  transonic  climb,  maneuver,  and  for  very  high  speed,  high  altitude  dash. 


Mission  Requirements 


Figure  22  illustrated  two  of  many  possible  missions  for  such  a vehicle,  it  is  essentially  a very  high 
altitude  global  penetrator.  It  must  be  small  and,  hopefully,  simple  to  maintain  to  keep  its  life  cycle 
cost  down.  Because  of  these  goals,  it  may  ’’equire  one  or  more  aerial  refuelings  to  perform  the  longer 
missions.  The  design  will  minimize  the  number  of  required  refuels  as  a part  of  the  low  life  cycle  cost 
goa  1 . 

For  such  an  aircraft  to  be  considered  as  viable,  the  engine  is  once  again  a major  factor.  Simply  combin- 
ing variable  compressor  and  turbine  geometry  with  some  form  of  augmented  turbojet  or  turbofan  will  prob- 
ably not  be  enough.  Dry  cruise  is  essential  for  good  range  factor.  However,  in  the  cruise  range  of  M = 
2.7  - 3.5,  the  design  will  require  outstanding  internal  compression  intake  performance  in  combination 
with  a very  distortion-forgiving  compressor/fan  system.  Ideally,  a low  pressure  ratio  turbojet  is  what 
is  wanted  at  these  cruise  speeds.  The  problem  gets  even  more  complex  when  one  wants  to  combine  this 
requirement  at  more  than  one  supersonic  cruise  speed  (best  range  speed  plus  flight  at  specified  altitude; 
loiter  at  high  altitude,  and  subsonic  engine-out  return  to  base.  Such  aircraft  would  be  expected  to  have 
no  operating  field  length  restrictions. 

3.2  Propulsion  Systems 


Extensive  study  on  supersonic  commercial  transports  has  developed  prejudices  on  engine  cycles  of  interest 
which  are  closely  allied  to  those  of  the  long-range  recon/strike  aircraft  (namely,  long  supersonic  range, 
lon^  subsonic  range,  extended  loiter).  NASA  AST  studies  nave  caused  engine  and  airframes  to  consider 
engine  types  more  typified  by  those  shown  in  the  bottom  of  Figure  2.  In  designs  which  try  to  satisfy 
these  d ifferent  mission  objectives  HTR,  variable  area  turbine,  and  compressor  discharge  bypass  have  only 
a minimal  benefit;  mainly  what  is  needed  is  a full  convertability  from  a relatively  high  bypass  ratio 
turbofan  to  a turbojet.  Airframe  trades  in  such  areas  as  aspect  ratio,  sweep  and  wing  loading  are  made 
to  support  the  engine  assessment.  Due  consideration  of  intake  and  nozzle  performance,  weight  and  com- 
plexity must  further  be  included.  Engine  manufacturers  often  overlook  the  intake  and  nozzle  problems  in 
performing  these  studies  because  of  the  difficulty  for  them  to  include  the  system  integration  effects 
in  adequate  depth.  The  performance,  weight,  air  flow  matching,  control  and  drag  of  such  components  are 
at  least  at  the  same  level  of  importance  as  the  gas  producer.  In  deciding  the  complete  propulsion  con- 
figuration (intake,  gas  producer,  nozzle)  all  factors  must  be  considered  with  equal  importance  in  the 
design  of  a Mach  2.70  - 3.50  engine  system. 

Such  concepts  as  multiple  bypass  engines  with  flow  diverters,  and  fan  duct  burning  are  currently  being 
investigated  by  the  engine  industry.  The  schemes  shown  in  Figure  2 are  in  addition  to  these  to  indicate 
there  is  plenty  of  room  for  thinking.  Figure  23  shows  an  enlarged  view  of  two  potential  alternate 
schemes  for  producing  bypass  ratio  variability  ( RVVCE ) and  bypass  ar.d  pressure  ratio  variability  (VPR). 


In  this  study  five  engines  were  compared,  all  incorporating  the  same  technology,  but  with  different  con- 
figurations. The  dry-cruising  turbojet,  with  a short  A/B  for  acceleration  use  only,  is  used  as  the 
frame  of  reference.  The  duct-burning  turbofan  (DHTF),  after-burning  turbofan  (ABTF),  rear-valved  vari- 
able cycle  (RVVCE),  and  the  variable  pressure  ratio  turbofan  (VPR),  are  the  chosen  concepts.  Basic 
cycle  data  is  shown  in  Figure  24,  and  comparative  performance  data  are  shown  in  Figures  25  and  26. 


" i 

Ml 

MHBKU1I 

■ 

a 

REAR 

VALVE 

ENGINE 


VPR 

ENGINE 


MACH  3.0  DESIGN 

ENGINE 

TURBOJET  ITJI 
VARIABLE  PRESSURE  RATIO  IVPR) 

DUCT  HEATING  TURBOFAN  IOHTFI 
REAR  VALVE  VCE  IRVVCEI 
AFTER-  BURNING  TURBOFAN  I ABTF  I 


BPR 

0*R 

CET  | 

0 

12 

~ 

CON 

TEC 

IT  AN 
<NOL 

2.2 

32 

is 

1.3 

13 

3.3 

2.6 

13 

6.1 

1.9 

IS 

2.6 

Figure  23  Typical  Variable  Cycle  Engines  for  Lon*  Range  Penetrator 


Figure  24  Engine  Cycle  Characteristics 
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Figure  25  Subsonic  Engine  Performance  Comparison 


Figure  26  Engine  Performance  Comparison 
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j.3  Engine  Airplane  Evaluations 

The  ''udy  was  conducted  by  sizing  the  engines  to  fit 
a twin-engined  aircraft  incorporating  aircraft  study 
variables  consistent  with  a long-range  vehicle  at 
fixed  gross  weight,  see  Figure  27.  Fiqure  28  shows 
the  capability  of  the  dry  turbojet  to  perform  a de- 
sign mission  (A)  and  selected  alternate  missions 
(B,  C and  D),  The  design  mission  was  selected  with 
takeoff  from  an  unrestricted  field,  followed  by  cl  imb 
and  cruise  at  Mach  number  0.90  until  the  aircraft 
requires  refuel . It  then  refuels  and  climbs  to 
supersonic  best  cruise  speed  and  alt!tude  (in  this 
case,  M = 2.7  and  65,000  feet  average).  It  cruises 
out  to  the  hostile  territory  at  which  time  it  climbs 
to  80,000  feet  and  Mach  3.0  and  performs  a fixed 
radius  mission  of  500  nautical  miles.  It  then  re- 
turns at  Mach  2.7  to  the  refueling  station,  deceler- 
ating to  Mach  0.90  for  refuel  and  heads  home.  The 
open  condition  is  the  range  at  M - 2.70  available 
assuming  fixed  aircraft  and  engine  size.  As  shown 
on  the  top  of  Figure  28,  an  unrefueled  subsonic  range 
of  2,800  nautical  miles  was  obtained  for  this  air- 
craft with  the  baseline  turbojet  engine. 
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Figure  27  Long  Range  Penetrator 
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Figure  28  Typical  Mission  Profiles 


Using  the  same  aircraft  and  engine,  Mission  B demonstrates  a low  altitude  penetration  of  500  nautical 
mile"  radius  with  refueling  taking  place  as  far  away  from  hostile  territory  as  possible,  which  for  the 
curoojet  is  270  miles.  Mission  C shows  that  this  same  aircraft  can  loiter  for  1.7  hours  prior  to  a high- 
altitude  penetration  of  1,000  miles  radius  at  M = 2.70,  Loiter  fuel  can  also  be  used  to  increase  tne 
refuel  -''stance  from  the  hostile  territory  as  shown  in  Mission  D (430  nm).  These  alternate  mission 
choices  were  arbitrarily  selected  to  indicate  potential  benefits  only.  The  maximum  subsonic  cruise  range 
(up  to  refuel  point)  included  in  missions  A,  B,  C and  D varies  for  each  engine  type.  The  relative  length 
of  the  subsonic  cruise  leg  for  each  engine  is  shown  in  Figure  29  and  applies  for  all  missions. 


Figures  29  and  30  show  a comparison  of  the  figures  of  merit  for  the  five  engines  considered.  The  base- 
line dry-cruising  turbojet  compares  favorably  with  the  other  engine  concepts  in  Mission  A;  however,  che 
variable-cyc le  engines  appear  to  be  somewhat  superior.  In  the  other  three  missions,  the  VCE  schemes  are 
considerably  better. 
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Figure  29  Long  Range  Penetration  Mission  Comparison 


Figure  30  Lo",  Range  Penetrator  Mission  Comparison 


The  principal  difference  in  engine  concepts  is  that  the  RViTE  and  the  DHTF  are  configured  to  piuvide 
best  air  flow  natch  on  all  mission  segments  with  the  optimum  throttle  ratio.  These  engines  also  have 
best  specific  thrust  at  all  conditions,  but  are  limited  in  that  cycle  pressure  ratio  is  not  optimum  for 
.'11  mission  segments.  The  VPR  on  the  othe*-  hand  shows  the  best  performance  of  all  schemes.  This  results 
from  the  good  air  flow  match  combined  with  the  added  capability  to  optimize  cycle  pressure  ratio.  These 
comparisons  scow  that  considerable  reason  for  further  de . ■ lopment  of  variable  cycle  engine  components  is 
justified,  pri.ik'rily  oecause  of  the  much  better  mission  versatility  inherent  with  these  engines. 


4.0  CONCLUDING  REMARKS 


In  this  paper,  two  examples  of  potential  military  aircraft  have  been  considered  and  study  results  on  the 
effect  of  selected  variable  cycle  engines  have  been  illustrated.  Many  other  missions  in  such  areas  as 
V/STOL  and  logistics  carriers  reveal  a similar  interest  in  variable  geometry  engines.  The  proper  solu- 
tions to  such  matters  can  only  come  about  If-fully  integrated  studies  of  airframe  variables  and  engine 
variables  are  simultaneously  conducted.  These  studies  require  a concentrated,  combined  activity  of  the 
airframe  and  engine  contractors.  It  is  hoped  that  this  paper  reflects  a contribution  to  the  needs  that 
exist  if  we  are  to  achieve  the  maximum  potential  at  a minimum  airframe  size  and  cost. 
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DISCUSSION 


J.F.Chevalier 

Vous  avez  demontre  qu’il  fallait  prendre  en  eompte  tous  les  parametres  variables  pour  faire  line  bonne  optimisation, 
et  vous  avez  inontre  comme  exemple  caracteristique  de  1’erreur  qu’on  peut  faire  le  cas  d’un  HTR  jet  installe  sur  un 
avion  d rapport  poussde/poids  au  decollage  fixe.  Or,  nous  n’installerions  jamais  un  HTR  jet  dans  un  avion  a rapport 
T/W  donne.  En  effet,  si  nous  ameliorons  la  poussee  a grande  vitesse  de  ce  moteur,  c'est  pour  reduire  la  taille  du 
nioteur;  done  nous  aurions  automatiquement  etudie  un  avion  au  rapport  T/W  au  deeollage  reduit.  Nous  n’aurions 
pas  fait  l’erreur  que  Eon  commet  si  Ton  suit  la  deuxieme  methode  de  votre  communication. 

You  have  mentioned  that,  to  achieve  good  optimization,  all  the  variable  parameters  have  to  be  integrated,  and  you 
have  given  as  an  example,  the  installation  of  a HTR  jet  on  an  aircraft  with  a fixed  thrust  to  take  off  gross  weight 
ratio.  Now,  we  would  never  install  a HTR  jet  on  a fixed  T/W  ratio  aircraft.  As  a matter  of  fact,  if  we  improve  the 
thrust  of  an  engine  at  high  speeds,  it  is  for  the  purpose  of  reducing  the  size  of  this  engine.  Therefore,  we  would 
automatically  consider  an  aircraft  with  a reduced  thrust-take  off  weight  ratio.  We  would  not  make  the  mistake 
which  would  be  made  if  we  adopted  the  second  method  discussed  in  your  paper. 

Author’s  Reply 

In  airplanes  which  have  been  designed  today,  which  cruise  with  M = 1.2  with  dash  up  to  M 2.0,  there  is  no  reason 
to  talk  about  throttle  ratios  greater  than  1 because  engine  design  at  sea  level  is  exactly  the  same  as  the  engine  design 
at  Mach  No.  1.28  and  if  you  are  only  going  to  dash  to  Mach  No. 2 the  time  you  are  at  supersonic  speed  is  very  short 
and  therefore  the  use  of  an  afterburner  makes  sense  because  of  its  light  weight.  But  the  plane  which  will  dash  sub- 
sonically  and  cruise  supersonically,  one  should  be  careful  not  to  design  the  engine  at  sea  level  static  or  it  will  result 
into  a very  large  engine  for  supersonic  cruise.  This  is  the  essence  of  what  1 was  trying  to  express. 


R.M.  Denning 

Is  not  the  Olympus  engine  in  Concorde  ar  example  of  the  variable  geometry  turbo  jet  with  afterburner  used  at  off- 
design  conditions? 

Author’s  Reply 

Concorde,  being  a Mach  2 airplane,  is  right  at  the  upper  limit  as  to  whether  high  throttle  ratio-*  make  sense  according 
in  our  studies.  1 feel  high  throttle  ratio  makes  a lot  of  sense  if  you  are  cruising  at  Mach  1.6.  If  you  get  up  to  around 
Mach  2 the  advantage  begins  to  disappear.  1 do  believe,  however,  if  the  Olympus  engine  had  a variable  area  turbine, 
you  could  have  cut  down  the  amount  of  augmentation  at  takeoff  for  the  same  total  thrust  and  it  would  not  be  as 
noisy  an  aircraft.  But  again  I recognize  this  was  not  a fixed  weight  aircraft  during  the  design  phase  and  the  way  it 
was  cl.  -nging  force  you  to  use  augmentation  for  takeoff. 


RAt.Dennmg 

On  the  variable  pressure  ratio  engine  with  the  bypass  duct  turbine  is  there  not  a mismatch  in  air  angles  on  this  turbine 
when  the  mode  of  operation  is  changed? 

Author’s  Reply 

In  the  case  of  the  variable  pressure  ratio  engine  you  will  note  first  that  the  fan  is  one  of  very  high  pressure  ratio. 

It  is  of  the  order  of  3.5  to  4.  This  is  something  we  have  never  built  before  in  an  engine  and  which  then  minimises 
the  difference  in  the  air  angles  the  turbine  sees.  Secondly,  1 am  not  precluding  the  use  of  a first  stage  stator 
variability  in  the  low  pressure  turbine.  As  a matter  of  fact  we  do  not  use  a stator  now  in  order  to  gel  around  the 
problem  you  are  talking  about. 


SOME  ASPECTS  OF  VARIABLE  CYCLE 
PROPULSION  SYSTStS 

by 

F V Armstrong  and  D S Hlgton 

National  Can  Turbine  Establishment 
Pyestock,  Farnbo rough,  Hants,  GUI 4 OLS,  England 


SUMMARY 

The  paper  first  considers  the  incentives  which  encourage  the  study  of  variable  cycle 
gas  turbine  powerplants.  In  addition  to  achieving  performance  gains  at  off-design  running 
conditions,  and  increasing  safety  and  flexibility  by  providing  groater  operating  margins, 
there  are  now  significant  attractions  from  the  environmental  point  of  view  in  regard  to  the 
control  of  both  exhaust  emissions  and  noise. 

The  gains  potentially  available  in  a number  of  civil  and  military  aircraft 
applications  are  outlined,  together  with  the  resulting  requirements  for  cycle  variation  and 
the  implications  for  the  configuration  of  the  gas  turbine  engine  itself  and  its  intake  and 
exhaust  systems.  The  substantial  component  and  system  design  problems  posed  by  advanced 
variable  cycle  powerplants  are  discussed. 


1.  INTRODUCTION 

A ’variable  cycle*  propulsion  system  might  be  defined  as  one  which  incorporates  provision  for  the 
significant  variation  of  the  thermodynamic  cycle  at  selected  operating  conditions.  This  definition 
clearly  embraces  a wide  spectrum  of  possibilities.  At  the  same  time,  it  is  intended  to  exclude  effects 
purely  associated  with  the  use  of  component  matching  aids  for  low-speed  running  in  conventional  engines. 

Deliberate  cycle  variation  may  be  achieved  by  a variety  of  means,  ranging  from  variable 
propelling  nozzles,  through  more  complex  design  features  such  as  variable  capacity  turbines,  to  systems 
involving  gross  airflow  switching  to  obtain  alternative  series  or  parallel  operation  of  major  powerplant 
components.  Thus,  some  degree  of  added  complexity  is  an  inevitable  characteristic  of  any  variable  cycle 
solution  to  a powerplant  project  requirement.  The  level  of  technical  uncertainty  is  generally  increased, 
as  are  the  risks  of  reduced  reliability  and  high  maintenance  costs.  For  a variable  cycle  solution  to  be 
adopted,  such  factors  need  to  be  out-weighed  by  very  substantial  incentives.  This  paper  offers  a broad 
discussion  of  the  incentives,  design  features,  problems  and  prospects  of  variable  cycle  gas  turbine 
powerplants,  illustrated  by  a number  of  potential  applications  considered  in  studies  at  NOTE. 

2.  INCENTIVES 

As  a form  of  prime  mover,  the  gas  turbine  offers  great  design  flexibility.  IXie  to  the  steady  flow 
nature  of  the  engine,  each  major  component  has  to  handle  only  one  thermodynamic  process.  It  is  therefore 
possible  to  assembly  appropriately  designed  compressors,  combustion  systems,  turbines  and  ducting  in 
various  arrangements  to  provide  - within  limits  - any  desired  thermodynamic  cycle.  Thus  the  current 
aeronautical  scene  features  jet  engines  having  design  pressure  ratios  ranging  from  less  than  5 to  about  30, 
by-paaa  ratios  from  aero  to  about  8,  and  turbine  entry  temperatures  from  lees  than  1100E  to  over  l600K. 

Notwithstanding  this  baaic  design  freedom  however,  the  very  large  flight  envelope  possessed  by 
many  types  of  modem  aircraft  inevitably  leada  to  compromise  in  the  choice  of  the  powerplant  cycle,  and 
operation  far  from  the  design  point  at  some  flight  conditions.  The  thermodynamic  cycle  and  airflow  may 
then  be  relatively  badly  matched  to  the  duty  required.  At  low  power,  cycle  efficiency  may  be  poor.  If 
engine  airflow  demand  is  low,  installation  drag  may  be  high.  Both  effects  worsen  fuel  economy.  An 
alternative  possibility  ia  that  there  may  be  difficulty  in  achieving  the  required  thrust  level  due  to  a 
stress,  temperature  or  aerodynamic  limit  being  reached  within  the  powerplant. 

In  such  situations  there  is  elearly  scope,  at  least  in  principle,  for  achieving  performance  gains 
by  altering  the  eycle  to  improve  the  matching  between  the  powerplant  and  its  duty.  The  nature  of  the 
required  eyele  change  depends  on  the  particular  performance  improvement  desired.  Assessment  in  the 
content  of  the  aircraft  application,  making  proper  allowance  for  changes  in  installation  drag,  is  always 
necessary.  It  should  be  noted  that  although  variable  cycle  features  add  complexity  to  the  powerplant  and 
its  control  system,  an  improvement  ia  thrust  capability  at  a critical  flight  condition  eould  allow  an 
engine  of  smaller  sine  and  possibly  lighter  weight  to  be  used  for  a given  aircraft  mission  requirement. 

In  addition  to  performance  benefits  in  terms  of  steady-state  fuel  economy  or  thrust,  some  variable 
eyele  features  can  be  deployed  transiently  to  improve  engine  handling  or  provide  faster  thrust  response 
capability.  Such  techniques  say  also  be  useful  for  temporarily  lowering  the  working  line  on  a compressor 
characteristic  to  improve  operating  margins  under  extreme  flight  conditions  vdtere  severe  inlet  airflow 
maldistribution  im  liable  to  oeeur. 

Environmental  requirements,  aaw  of  major  importance  ia  eivil  aircraft  design,  constitute  another 
class  of  incentives  for  the  atudy  of  variable  eyele  pawerplante.  Internationally  agreed  legislation  to 
limit  the  noise  of  new  types  of  subsonic  aircraft  has  been  in  foree  for  a number  of  years,  and  is  likely 
to  become  mar*  stringent  ia  future.  In  addition  to  a lowering  of  the  noise  levels  permitted  for  subsonic 


aircraft,  such  legislation  nay  veil  be  extended  to  cover  civil  supersonic  transports.  The  noise  produced  by  an 
aero-engine  arises  from  a number  of  sources,  whose  relative  aagnitudes  depend  very  much  on  the  design  of  the 
engine.  Cycle  variation  may  be  used  to  reduce  a dominant  noise  source,  for  example  by  decreasing  low  pressure 
rotor  speed  to  lessen  fan  noise,  or  alternatively  by  increasing  total  airflow  at  a given  thrust  level  to  reduce 
Jet  velocity  and  hence  Jet  noise. 

The  need  to  reduce  certain  exhaust  effluents  is  the  other  environmental  constraint  now  affecting  engine 
design.  Much  attention  is  currently  being  devoted  to  this  problea,  largely  under  the  stimulus  of  requirements 
framed  by  the  US  Environmental  Protection  Agency  (EPA).  These  requirements  cover  several  pollutants,  with  the 
reduction  of  oxides  of  nitrogen  (N0X)  presenting  the  greatest  technical  challenge.  Although  the  factors  which 
influence  the  production  of  N0X  in  engines  are  still  the  subject  of  study  and  debate,  it  appears  that  N0X 
levels  may  be  expected  to  increase  as  combustion  chamber  entry  temperature  rises  - le  the  N0X  problems  tend  to 
be  accentuated  by  the  modern  trend  to  high  pressure  ratio  engines.  A variable  cycle  capability  which  allows 
engine  pressure  retie  to  be  somewhat  reduced  at  the  take  off  condition,  may  therefore  be  worth  consideration  as 
one  means  for  reducing  N0X  emission  on  the  ground  and  at  low  altitude.  At  the  same  time,  it  is  important  from 
a fuel  economy  viewpoint  that  high  pressure  ratios  ohould  still  be  available  for  cruising  flight. 

Summing  up  regarding  the  current  incentives  for  the  study  of  variable  cycle  powerplants,  these  may  be 
stated  in  terms  of  the  following  broad  headings 

(a)  Incentives  directly  associated  with  the  steady-state  performance  capability  of  the  poverplant  - 
improvements  in  fuel  economy  or  thrust  capability;  relief  of  stress  or  temperature  in  high  duty 
components  at  extreme  flight  conditions,  etc. 

(b)  Improvement  in  environmental  conditions  - noise  and/or  exhaust  emissions. 

(c)  Improved  thrust  response  and  other  operational  factors. 

3.  TECHNIQUES  AND  DESIGN  FEATURES 

This  section  first  considers  the  principles  which  govern  the  matching  and  operation  of  a gas  turbine 
poverplant  at  conditions  away  from  its  design  point.  With  this  as  a basis,  the  means  by  which  controlled  cycle 
variation  may  be  achieved  are  then  outlined  and  discussed. 

For  equilibrium  running  at  any  flight  condition  and  power  setting,  the  propulsion  system  must  operate 
such  that  vailous  work,  heat  and  pressure  balances,  and  flow  continuity,  are  maintained.  As  a result,  each 
component  of  a conventional  powerplant  is  constrained  to  operate  along  a 'working  line'  or  within  a restricted 
region,  departing  only  during  transient  non-equilibrium  operation  when  the  steady-state  work  balances  no  longer 
hold.  In  this  overall  matching  process,  a dominant  part  is  played  by  the  effective  flow  areas  of  the  power- 
plant  expansion  and  exhaust  systems. 

At  the  same  time,  it  is  essential  for  satisfactory  running  that  each  component  shall  always  be  working 
within  its  boundaries  of  stable  operation.  It  is  usually  the  compression  system  which  gives  problems  in  this 
respect,  and  therefore  considerable  attention  has  always  been  paid  to  the  off-design  performance  character- 
istics of  compressors.  An  important  outcome  has  been  the  successful  development  and  widespread  use  of  variable 
stagger  inlet  guide  vanes  and  stator  blading.  In  modern  high  pressure  ratio  compressors,  for  instance,  vari- 
ability may  be  incorporated  in  perhaps  five  or  six  stator  rows  to  obtain  the  ’corridor’  of  stable  operation 
required  for  satisfactory  starting  and  handling.  Thus,  considerable  experience  has  already  been  gained  in  the 
aerodynamic,  mechanical  and  control  aspects  of  compressor  stator  variability.  This  existing  body  of  experience 
provides  a useful  basis  for  the  study  of  powerplants  where  deliberate  control  of  the  cycle  at  off-design  condi- 
tions is  envisaged,  although  in  many  such  cues  much  larger  variation  of  the  compressor  performance  character- 
istics would  be  needed.  For  example,  some  concepts  imply  considerable  pressure  ratio  variation,  which  might 
require  the  extension  of  variable  blade  stagger  to  include  one  or  more  rotor  rows. 

Returning  to  the  downstream  components  which  exert  a controlling  influence  on  the  matching  of  the  power- 
plant  as  a whole,  it  can  also  be  noted  that  considerable  experience  exists  on  variable-area  propelling  noesles. 
The  development  of  such  noesles  was  given  great  iepetus  by  tne  reheat  or  afterburning  principle  - itself  s 
dramatic  ‘variable  cyele'  concept  of  fundamental  importance  for  military  aircraft  with  supersonic  flight 
capability,  (tore  limited  experience  exists  on  variable  by-pass  mixing  systems,  which  constitute  a form  of  co- 
axial noeale,  operating  unchoked,  within  the  main  Jet  pipe.  Although  involving  some  mechanical  complication, 
these  should  pose  no  fundamental  design  difficulty. 

Of  much  greater  significance  is  the  problem  of  achieving  variation  of  turbine  swallowing  capacity.  In 
view  of  the  high  temperature  operating  environment,  it  is  fortunate  that  the  swallowing  capacity  of  a turbine 
can  be  changed  very  substantially  by  variation  of  its  noselee  alone,  without  any  need  for  manipulation  of  the 
rotor  blading.  Even  so,  the  engineering  of  a variable  capacity  turbine  so  as  to  maintain  high  efficiency  and 
satisfactory  mechanical  characteristics  in  long-term  use  presents  a considerable  technical  challenge. 

Turbines  with  variable  noseles  have  been  used  in  a number  of  engines,  as  well  as  for  experimental  purposes  in 
component  test  rigs.  Experience  is  therefore  building  up,  and  some  encouraging  results  have  been  reported. 

For  example,  in  a recent  ’demonstrator'  programme  in  which  a small  turbo-fan  engine  was  modified  to  include  a 
variable  low-pressure  turbine,  performance  comparisons  with  normal  production  engines  "showed  no  significant 
penalties  associated  with  the  incorporation  of  variable  geometry”  (References  1 and  2).  Close  attention  to 
detail  design  is  clearly  required  to  avoid  efficiency  losses  due  to  low  leakage  via  the  root  and  tip  clear- 
ances of  pivoted  nossle  vanes.  Up  to  now,  meet  if  not  all  applications  have  been  to  turbines  whose  nosslee  do 
not  require  an  internal  cooling  airflow.  The  added  complication  of  combining  a pivot  system  with  a cooling 
air  supply  is  formidable  and  acta  as  a powerful  deterent  to  the  use  of  this  means  of  capacity  variation  on 
high  temperature  turbines.  As  aa  alternative  to  pivoting  of  the  nossle  vanes,  some  "vriation  of  swallowing 
capacity  may  be  produced  by  arranging  for  portions  of  the  annulus  wall  to  be  moveable.  So  far,  only  very 
limited  experience  of  this  technique  appear#  to  have  been  gained. 


Another  approach,  analogous  in  matching  terms  to  increasing  turbine  swallowing  capacity,  is  to  bleed 
off  a proportion  of  the  flow  upstream  of  the  turbine.  Bleeding  or  'blow-off  from  the  later  stages  of 
compressors  is  already  an  established  method  for  improving  compressor  handling  in  the  low/medium  speed 
range.  If  applied  b»tween  the  high  pressure  (HP)  and  low  pressure  (LP)  turbines,  a similar  effect  to 
increasing  the  LP  turbine  swallowing  capacity  would  be  obtained  - ie,  the  HP  system  working  line  would  be 
lowered  on  its  compressor  characteristic.  This  bleed  technique  could  offer  a more  straightforward  design 
solution  than  direct  turbine  nozzle  variability,  particularly  for  engines  where  the  LP  turbine  operates  at 
temperatures  such  that  nozzle  cooling  air  is  required.  To  avoid  excessive  circumferential  flow 
disturbance,  bleed  ports  distributed  around  the  whole  outer  annulus  wall  would  probably  be  needed.  The 
bleed  flow  could  either  be  reintroduced  into  the  jet  pipe  or  simply  exhausted  through  rearward- pointing 
nozzles  into  the  by-pass  duct.  Although  the  latter  might  appear  to  be  a somewhat  inefficient  process, 
the  gain  obtained  from  cycle  re-matching  might  far  outweigh  a local  inefficiency  which  applies  to  only  a 
small  proportion  of  the  total  engine  flow. 

The  more  radical  concepts  for  variable  cycle  or  'dual  mode'  powerplants  involve  arrangements  for 
the  switching  of  major  airflows.  Such  schemes  have  been  envisaged  for  applications  where  a very  large 
change  in  total  powerplant  airflow  between  one  flight  condition  and  another  could  be  beneficial.  In 
addition  to  large  valve  systems  within  the  engine  itself,  auxiliary  intakes  and  i.,  some  cases 
propelling  nozzles  also,  are  needed.  A variety  of  configurations  has  been  discussed  in  the  literature, 
most  designs  having  the  basic  aim  of  achieving  parallel  operation  of  fans  or  compressors  in  the  higher 
flow  mode,  and  series  operation  for  normal  flow.  Such  schemes  clearly  present  major  engineering 
challenges,  not  only  in  terms  of  the  design  of  the  engine  itself,  but  also  in  regard  to  the  intake  and 
exhaust  systems,  and  powerplant/air frame  interactions  generally.  There  are  also  dangers  of  considerable 
performance  losses  due  to  leakages  and  tortuous  airflow  paths.  Theee  numerous  difficulties  will  not  be 
discussed  in  further  detail  here;  suffice  it.  to  say  that  very  strong  incentives  are  necessary  for  such 
radical  design  proposals  to  merit  serious  consideration. 

4.  SOME  EXAMPLE  APPLICATIONS 

This  Section  discusses  examples  of  potential  or  actual  applications  of  cycle  variability,  some  of 
which  have  formed  the  subject  of  performance  studies  at  NOTE.  They  are  classified  under  the  general 
objectives  of  (i),  increasing  thrust  capability;  (ii)  improving  fuel  economy;  and  (iii),  reducing  noise. 

4.1  Increase  of  thrust  capability 

In  some  cases  the  mission  performance  of  an  aircraft  would  be  significantly  improved  if  its  power- 
plant  could  provide  an  increased  thrust  at  a certain  flight  condition.  On  a conventional  engine,  an 
increase  in  thrust  rating  simply  implies  running  the  engine  at  a higher  rotational  speed  and  turbine 
entry  temperature,  leading  to  shortened  life  of  high  temperature  components.  It  is  therefore  worth 
examining  the  possibility  of  achieving  increased  thrust  without  raising  turbine  entry  temperature,  by 
cycle  variation.  Now  the  majority  of  modern  aero-engines  employ  the  by-pass  or  turbo-fan  principle, 
whereby  downstream  of  the  fan  the  total  airflow  is  divided  between  an  outer  fan  duct  and  the  central  core 
engine.  Thus  there  would  seem  to  be  some  scope,  at  least  in  principle,  for  increasing  thrust  by  means  of 
a cycle  change  which  directs  a greater  proportion  of  the  total  airflow  through  the  core.  This  is 
considered  below  for  the  classes  of  engine  used  in  civil  transport  and  military  combat  aircraft. 

4.1.1  Subsonic  civil  transports 

The  congestion  which  occurs  on  some  of  the  busier  airways  in  th»  altitude  band  20,000  to 
35,000  feet  has  led  to  suggestions  (for  example,  Heference  3)  that  a commercial  advantage  would  be 
available  to  aircraft  having  more  flexible  operating  characteristics  - in  particular,  a capability  to 
cruise  efficiently  over  a wide  altitude  band.  For  high  altitude  cruising,  a rapid  climb  is  needad, 
demanding  a high  thrust  at  the  engine  climb  rating.  In  such  circumstances  the  availability  of  a 'high 
thrust  mode',  to  be  used  during  climb  and  perhaps  also  for  take-off,  would  have  attractions  - 
particularly  if  turbine  entry  temperature  increases  could  be  avoided. 

The  proportion  of  the  total  engine  airflow  Which  passes  through  the  core  can  be  raised  in  either 
of  two  waya;- 

(a)  by  increasing  UP  compressor  non-dimensional  flow  capacity. 

(b)  for  a given  swallowing  capacity,  raising  HP  compressor  entry  pressure  - ie  'supercharging'. 

Method  (a)  has  been  discussed  recently  by  Houmouziadiis'*,  who  draws  attention  to  the  need  for  a 
significant  increase  in  HP  system  rotational  speed  capability.  As  a consequence,  the  weight  of  the  HP 
system  would  be  increased.  In  addition,  the  flow  capacity  increase  obtainable  from  over-speeding  might 
be  limited  by  choking  of  the  HP  compressor.  The  method  chosen  for  study  here  ie  (b),  which  avoids  these 
HP  system  problems  but  requires  a means  for  producing  the  'supercharging'  affect.  It  is  envisaged  that 
this  could  be  provided  in  a civil  transport  engine  whose  design,  as  in  the  ease  of  sose  current  engines, 
includes  a number  of  core  'booster*  stages  aounted  on  the  LP  rotor  behind  the  fan.  By  designing  thin 
booster  system  to  be  lightly  loaded  during  normal  engine  operation,  and  incorporating  variable  geometry, 
e significant  increase  in  work  capability  might  be  achievable  for  the  'hi^>  thrust  mode'.  The  desired 
variation  of  pressure  ratio  between  the  two  modes  of  engine  operation  would  be  aided  by  matching  the 
booster  stages  well  below  their  surge  line  for  'normal'  working.  Although  sueh  matching  would  probably 
result  in  theee  stages  operating  below  their  eaxiaum  efficiency,  the  consequent  penalty  in  overall  cycle 
efficiency  would  be  small  because  the  work  done  by  the  booster  otagea  represents  only  a email  proportion 
of  the  total  compression  process  in  the  engine. 


TO  BY-F*SS  DUCT 


FIG.1  BY-PASS  ENGINE  FOR  CIVIL  AIRCRAFT 


Figure  1 it  i schematic  illustration  of  a civil  turbo-fan  engine  of  the  two-shaft  type  with  booster 
compressor  stages  on  the  LP  rotor.  Variable  cycle  features  to  provide  increased  climb  thrust  are 
indicated.  The  LP  booster  compressor  variables  are  operated  in  conjunction  with  a reduction  in  by-pass 
propelling  nozzle  area,  forcing  the  cycle  to  rematch  with  reduced  by-pass  ratio  at  a given  fan  speed.  In 
regard  to  the  HP  system  operation,  three  possibilities  then  appear:- 

(a)  The  whole  HP  system  may  be  run  at  an  unchanged  non-dimensional  operating  condition, 
resulting  in  increased  rotational  speed  and  turbine  entry  temperature  due  to  the  increase  in 
HP  compressor  entry  temperature. 

(b)  The  speed  and  turbine  temperature  increases  of  (a)  can  be  avoided  if  the  HP  system  is 
operated  further  down  its  normal  working  line.  While  this  results  in  some  loss  of  the  HP 
flow  increase  relative  to  (a),  there  remains  a net  increase,  and  hence  a thrust  gain, 
relative  to  the  'normal'  cycle. 

(c)  The  HP  system  non-dimensional  flow  can  be  maintained  at  its  full  value,  without  a rise  of 
turbine  temperature,  by  an  increase  in  effective  LP  turbine  flow  capacity.  This  effect, 
which  lowers  the  HP  compressor  working  line,  can  be  produced  either  by  an  actual  increase  of 
turbine  nozzle  throat  area  or  by  a bleed  of  core  gas  flow  upstream  of  the  turbine. 

Of  these  options  for  HP  system  operation,  it  is  fortunate  that  the  latter  two  cases,  which  meet  the 
objective  of  achieving  greater  thrust  without  increasing  turbine  entry  temperature,  do  not  require  core 
nozzle  area  variability  - at  least  for  the  example  cycle  considered  in  this  study. 

Figures  2,  J and  4 show  the  results  of  performance  estimates  for  a two-shaft  engine  having  the 
following  major  cycle  perimeters  at  its  aerodynamic  design  point  at  Mach  0.8,  30,000  ft,  XSA:- 


by-pasa  ratio  5.5 

turbine  entry  temperature  1500K 

overall  pressure  ratio  27 

fan  by-pass  section  pressure  ratio  1.7 

fan  core  section  plus  LP  booster  pressure  ratio  2.25 


The  gains  in  thrust  available  from  supercharging,  in  conjunction  with  the  various  ways  of 
operating  the  HP  system  discussed  above,  were  estimated  for  the  climb  condition.  These,  and  the 
associated  rises  in  aft  are  shown  in  Figure  2,  plotted  against  the  pressure  ratio  gentrated  by  the  fan 
root  section  plus  LP  booster  compressor  stages.  On  the  same  basis,  Figure  3 indieateo  the  deployment 
required  in  other  engine  vuiablea  and  Figure  4 shows  some  important  cycle  conditions.  Consistent 
notation  and  styles  of  line  are  used  for  all  three  Figures. 
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FIG.2  CIVIL  ENGINE  PERFORMANCE 
(CLIMB  RATING -M  0-8,  30.000 FT) 
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FIG.  3 CIVIL  ENGINE  VARIABLES 
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FIG.  4 CIVIL  ENGINE  CYCLE  CONDITIONS 


The  broken  lines  labelled  'conventional 
engine'  refer  to  the  datum  case  where  speed  is 
increased  in  a fixed  geometry  engine,  resulting  in 
increased  flow  and  turbine  temperature.  Only  a 
small  increase  in  LP  pressure  ratio  occurs,  arising 
from  the  LP  system  moving  further  up  its  working 
line.  By  contract,  for  the  variable  cycle  cases 
the  fan  speed,  total  airflow  and  by-pass  section 
pressure  ratio  remain  constant.  The  cases 
labelled  'constant  HP  operating  point’,  'LPT  cap 
const',  and  ’LPT  cap  incr’  refer  respectively  to 
the  alternative  methods  (a),  (b)  and  (c)  of 
operating  the  HP  system  as  outlined  already. 

7j r the  la, ter  two  cases,  turbine  entry 
temperature  remains  constant.  Aa  night  be  expceted, 
increasing  affective  LP  turbine  flo*  c > ’city  to 
maintain  HP  compressor  non-dimensional  airflow 
gives  a significant  advantage  in  terms  of  thrust 
tor  a given  LP  pressure  ratio.  Furthermore, 
estimates  using  reasonable  assueptions  showed 
little  difference  in  thrust  between  a direct 
turbine  capacity  increase  and  bleeding  an 
equivalent  gas  flow  for  exhaust  via  separate 
nosslea.  From  a cycle  change  involving  increases 
in  LP  pressure  ratio  from  about  2.3  to  >.1,  sad  in 
affaetiva  LP  turbine  capacity  of  about  8 par  cent, 
together  with  a reduction  in  by-pass  nostle  area  of 
about  3 per  cent,  a thrust  gain  of  ntarly  13  per 
cent  is  achievable  with  no  ehange  of  turbine  entry 
temperature.  For  a conventional  engine,  a similar 
thrust  increase  would  require  turbine  entry 
teaperature  to  rise  by  about  80  C.  For  both  eaaae 
HP  rotor  speed  would  rite  by  around  3 per  cent, 
while  for  the  conventional  engine  there  would  also 
be  some  increase  in  fan  speed.  Specific  fuel 
consumption  in  the  high  thrust  mode  would  be 
slightly  higher  for  the  variable  cycle  ease  than 


for  the  convention*!  engine 


It  may  be  noted  that  the  'constant  HP  operating  point'  alternative  offers  no  advantage  over  the 
conventional  engine  except  that  it  does  cot  call  for  any  increase  in  fan  speed.  For  a given  thrust 
increase,  turbine  entry  temperatures  and  HP  rotor  speeds  are  very  similar,  and  sfc  is  higher  for  the 
variable  cycle  case. 

V.1.2  Military  combat  aircraft 


The  vide  flight  envelope  of  high  performance  military  aircraft  dictates  the  use  of  engines  of  much 
higher  specific  thrust  than  the  turbo-fans  used  for  modern  subsonic  civil  transports.  Although  the 
by-paso  principle  is  commonly  used,  by-pass  ratios  are  generally  around  unity  or  lower.  The  by-pass  and 
core  engine  flows  are  generally  remixed  in  the  jet  pipe  to  feed  a single  propelling  nozzle.  Although  Jet 
pipe  reheat  is  used  to  provide  the  large  thrust  boost  needed  for  supersonic  flight,  there  is  also 
considerable  emphasis,  at  some  flight  conditions,  on  achieving  the  greatest  possible  thrust  with  reheat 
unlit.  A case  of  especial  importance  is  that  of  the  very  low  altitude  'penetration'  to  the  target  on  a 
strike  mission,  requiring  flight  at  a high  speed  with  good  fuel  economy  - ie  with  reheat  unlit.  The 
maximum  dry  thrust  available  from  the  powerplant  tends  to  be  the  factor  which  limits  flight  speed,  the 
problem  being  accentuated  by  high  aircraft  drag  due  to  the  carrying  of  external  stores.  In  looking  at  the 
question  of  whether  thrust  can  be  increased  by  cycle  variation,  attention  is  again  concentrated  here  on 
the  technique  of  supercharging  the  core  engine. 
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VARIABLE  CAPACITY 
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VARIABLE  AREA 
PROPELLING 


FIG.  5 BY*  PASS  ENGINE  FOR  MILITARY  AIRCRAFT 


Figure  5 illustrates  a military  two-shaft  low  by-pass  ratio  powerplant  of  the  type  just  described. 
Variable  cycle  features  for  thrust  boosting  are  indicated.  The  requirement  for  a common  static  pressure 
as  the  two  streams  rejoin  in  the  jet  pipe  exerts  a nignificant  constraint  on  engine  matching  whieh  tends 
to  limit  the  scope  available  for  cycle  variation.  Alao,  with  a low  by- past  ratio  multi-stage  fan  it 
becomes  unrealistic  to  envisage  a variation  of  ths  core  section  pressure  ratio  independently  of  the 
hy-p&aa  section,  particularly  if,  am  ie  often  the  eaat,  no  LP  care  booster  stages  are  used.  For  this 
study  then,  the  increase  of  LP  pressure  ratio  for  the  'high  thrust  mode’  is  considered  to  apply  to  the  fan 
as  a whole,  thus  raising  by-pas*  pressure  as  well  as  core  entry  pressure. 

A representative  flight  condition  for  the  phaae  of  the  mission  in  question  is  Mach  0.9,  Sea-level. 
Figures  6,  ? and  8 show  the  results  of  performance  eatimatee  at  this  condition  for  an  engine  having  the 
following  cyele  parameters  at  its  sea-level,  static  design  point t- 


by-paas  ratio  1.0 

turbine  entry  temperature  l£Q0tC 

overall  pressure  ratio  21 

fan  pressure  ratio  2.9 


The  aaar  three  alternatives  for  operation  of  the  HP  system  as  for  the  civil  eagine  have  been 
studied,  and  a similar  style  adapted  for  the  presentation  of  results.  Again  the  ‘conventional  engine' 
ease  has  been  included  as  a datum. 

Considering  the  seme  range  of  LP  pressure  ratio  (though  this  now  applies  to  the  by-pass  as  well  as 
to  the  core  stream)  the  results  for  this  military  example  are  broadly  similar  to  those  for  the  eivil 
engine.  The  thrust  increase  for  the  increased  effective  LP  turbine  capacity  ease  is  almost  the  same  as 
for  the  eivil  eagine,  as  also  ia  the  rise  of  turbine  entry  temperature  associated  with  this  thrust 
increase  for  the  datum  conventional  engine.  The  thrust  gain  available  without  increasing  effective 
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FIG.6  MILITARY  ENGINE  PERFORMANCE 
(MACH  0-9,  SEA  LEVEL) 
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FIG.  7 MILITARY  ENGINE  VARIABLES 
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FIG.  8 MILITARY  ENGINE  CYCLE  CONDITIONS 


turbine  capacity  ia  rather  better  than  for  the  civil 
engine.  Again,  ea  for  the  civil  engine,  the 
’constant  HP  operating  point*  case  appeero  to  offer 
little  attraction  relative  to  the  conventional 
engine. 


Mention  has  already  been  nude  of  the  added 
constraint  associated  with  exhaust  flow  nixing  in 
the  military  engine.  For  the  constant  turbine  entry 
teaperature  eases,  matching  at  the  mixing  plane 
becomes  progressively  more  difficult  with  increasing 
thrust  boost , deepite  the  use  of  a sixer  having 
variable  relative  flow  areas.  The  change  in  core 
section  area  as  a proportion  of  the  constant  total 
area  is  shown  on  Figure  ?.  At  the  higher  thrust 
conditions  the  Mach  number  of  the  outer  stream  at 
the  mixing  plane  is  approaching  0.6  (see  Figure  8), 
while  the  inner  stream  Mach  number  has  fs-llen  to 
about  0.l6,  This  marked  disparity  would  have  been 
still  greater  if  the  design  point  fan  pressure  ratio 
had  not  been  selected  so  as  to  give  a Mach  member  for 
the  outer  stream  lower  than  for  the  inner, 
specifically  to  allow  for  these  trends.  The  problem 
would  of  course  be  alleviated  if  a degree  of 
independent  control  of  the  by-pass  and  core  section 
UP  pressure  ratios  were  possible,  as  assumed  for  the 
civil  engine. 

The  above  examples  have  explored  the  applica- 
tion of  the  core  supercharging  principle  to  increase 
the  thrust  of  two  very  different  designs  of  by-pass 
type  engine,  without  increasing  turbine  entry 
temperature  and  with  a relatively  crall  nse  ia  K? 
rotor  speed.  This  basic  principle  is  of  course 
already  used,  particularly  for  civil  tv.rbo-fane,  in 
the  conventional  development  of  uprated  fixed 
geometry  engines.  The  use  of  cycle  variability  to 
obtain  a ‘high  thrust  mode*  is  only  attractive 
where  the  use  of  n generally  uprated  enj.lne  would 


lead  to  serious  panaltica  elsewhere  - for  example,  in  cruising  fual  consumption.  Tha  variabla  cycle 
angina  would  be  significantly  more  conplax  than  a conventional  angina.  Tha  provision  of  tba  IP  prasaurs 
ratio  lncraasa  required  for  aupereharglng  is  clearly  a key  ieature  of  tha  concept.  A*  Mentioned  in 
discussion  of  tha  civil  engine,  this  capability  night  ba  sought  fron  a combination  of  coapresaor  variable 
geometry  - hopefully  confined  to  tha  atator  blading  - and  matching  tha  stages  in  question  low  on  their 
operating  characteristics  for  'normal'  operation.  In  regard  to  tha  increase  in  affective  IP  turbine  flow 
capacity  which  is  also  needed  if  the  maximum  potential  fron  core  supercharging  is  to  be  realised,  it  la 
noteworthy  that  these  studies  suggest  that  a bleed  upstream  of  the  LP  turbine  say  be  virtually  as 
effective  in  thrust  terms,  and  possibly  considerably  simpler,  than  varying  the  capacity  of  the  turbine 
itself. 


Finally,  mention  should  be  made  of  the  possibility  of  increasing  the  achievahle  thrust  boost  by 
combining  the  core  supercharging  concept  with  an  increase  in  total  englna  airflow.  In  principle,  the 
variable  features  discussed  above  could  be  used  to  rematch  the  cycle  at  higher  LP  spaed,  aa  well  aa 
increased  pressure  ratio,  to  giv.  a greater  fan  airflow  whila  still  maintaining  turbina  antry 
temperature  constant.  The  increased  speed  capability  would  in  general  raquirt  some  lncraasa  of  LP  rotor 
weight,  and  its  effectiveness  in  increasing  flow  sight  be  limited  at  high  non-dimensional  speads  by  fan 
choking.  Because  of  this  latter  consideration  the  more  fruitful  application  would  probably  ba  to  the 
military  engine  case  at  Mach  0.9,  saa-lavel,  where  non-dimensional  spaed  ia  reduced  below  ita  take-off 
valua  due  tc  the  elevated  intake  total  tamparature. 

4.2  laproving  fual  economy 

The  combat  type  aircraft  discussed  in  th#  pravioua  Section  also  provides  a good  example  of  a 
flight  condition  whare  the  prospeeta  for  improving  fual  economy  by  cycle  variation  lnvita  atudy.  This  is 
a return  cruise  to  base  at  low  altituda.  The  aircraft  Is  now  without  axternal  stores  and  at  light  weight. 
Flying  at  a modest  speed  in  the  rsgion  of  Msch  0.6,  drsg  ia  low  tad  the  powerplaat  is  operating  at  only  a 
fraction  of  its  maximum  dry  thrust.  The  specific  fuel  consumption  of  the  engine  ia  therefore  well  ebove 
its  minimum  value,  on  a curve  which  rises  rapidly  aa  thrust  is  reduced.  Thus,  the  lower  the  aircraft 
drag  level,  the  higher  will  be  the  affc.  For  instance,  if  the  aircraft  has  variable-sweep  wings,  tha 
advantage  of  using  minimum  sweep  at  thia  flight  condition  to  reduce  lift- dependent  drag  will  ba  partially 
offset  by  an  increase  in  engine  afc.  A further  factor  which  accentuates  tha  problem  is  that  porvrplont 
irstallatioa  drag  la  high  at  low  thrust,  due  to  tha  low  engine  airflow  demand. 

Figure  9 shows  engine  performance  at  Mach  0.6,  sea-level.  The  thrust  requirement  might  be  in  the 
region  of  JO  per  cent  of  the  maximum  dry  valua.  At  this  thrust  level,  tha  afc  of  tha  basic  engine  ia 
about  1$  per  cent  above  ita  minimum  value.  The  reasons  for  this  situation  are  clear  from  tha  other 
curves  on  the  Figure.  Although  propulsive  efficiency  improves  with  thrust  reduction,  tha  benefits  f this 
are  outweighed  at  low  thrust  by  the  progressive  decrease  of  thermal  efficiency  resulting  from  degradation 
in  the  major  cycle  parameters  of  overall  pressure  r?.tio  and  turbine  entry  temperature.  For  example,  at 
30  per  cent  thrust  the  pressure  ratio,  which  has  a powerful  influence  on  cycle  efficiency,  has  fallen  to 

around  half  its  full-power  value.  The  powarplant  is 
clearly  not  well  matched  to  the  propulsion  require- 
ment at  this  flight  condition,  and  it  would  appear 
that  there  might  be  scope  for  improvement  ty  cycle 
variation. 

Figure  10  provides  an  indication  of  the 
results  of  a preliminary  exploration  of  such 
prospects.  The  afc  veraua  thrust  curve  for  the 
basic  conventional  engine  is  shown  again,  as  the 
datum.  The  broken  curve  which  branches  from  that 
for  tha  basic  engine  at  about  4j  per  cent  thrust 
shows  the  order  of  improvement  in  afc  which  is 
obtainable  from  a simple  form  of  variable  geometry, 
namely  closure  of  the  propelling  nosxle  until  tte 
throat  area  is  about  70  per  cent  of  the  reheat  unlit 
design  point  value.  The  effeet  of  this  is  to 
increase  specific  thrust  and  rmiee  thermal 
efficiency  to  a greater  extent  than  the  associated 
fall  of  propulsive  efficiency.  At  the  thrust  level 
of  interest,  engine  sfe  is  isproved  by  about  5 per 
cent.  Unfortunately,  this  gain  will  be  partially 
offset  by  an  .nerease  of  installation  drag  due  to 
the  reduced  engine  airflow,  While  the  magnitude  of 
this  drag  penalty  is  very  dependent  os  the  aircraft 
intake  and  afterbody  design,  it  could  eut  the 
benefit  in  fuel  economy  to  about  half  the  basie 
engine  sfe  improvement.  The  gains  in  fuel  eco-vany 
from  this  technique  are  therefore  small,  although 
quite  readily  available  by  arranging  for  the 
variable  propelling  aossle  to  be  capable  of  closure 
below  its  design  point  reheat  unlit  area. 

The  variable  aossle  may  also  offer  stupe  for 
fuel  economy  gains  at  some  flight  caaii'.ioa*  which 
require  higher  cruise  thrust  levels,  when  opening 
the  nossle  say  be  profitable.  Aa  advantage  of  such 
cases  is  that  iastallatien  drag  is  now  reduced, 
allowing  a double  benefit  if  engine  afc  also 
improves.  It  should  be  emphasised  that  improvements 
ia  fuel  economy  by  nossle  variation  in  dry  engine 
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oporation  are  sensitive  to  thrust  level,  basic  engine 
cycle  and  the  detailed  performance  characteristics 
of  the  engine  components  - for  example,  the 
distribution  of  efficiency  contours  on  the  fan 
characteristic.  Detailed  study  of  individual  cases 
is  thus  particularly  necessary.  The  attraction 
here  is  that  although  the  available  gains  are 
generally  small,  they  can  be  had  essentially  by 
arranging  for  the  more  refined  control  of  an  exist- 
ing powerplant  component,  namely  the  variable 
nozzle  which  is  necessary  for  reheat  operation. 

Moving  to  the  other  extreme  in  terms  of 
complexity,  the  lower,  shaded  band  gives  a broad 
indication  of  what  might  be  obtainable  within  the 
constraints  of  the  same  carcase  size  as  the  basic 
engine,  and  the  same  overall  pressure  ratio,  but 
given  otherwise  complete  freedom  in  varying  the 
cycle.  Thus  the  variables  for  these  estimates  were 
by-pass  ratio,  turbine  entry  temperature,  LP  and  HP 
compressor  pressure  ratios  (with  the  proviso  of  a 
constant  value  for  their  product),  and  all  swallow- 
ing capacities  except  that  of  the  LP  compressor, 
which  was  maintained  constant  at  the  design  point 
value  for  the  datum  engine.  Component  efficiency 
values  were  also  assumed  equal  to  the  design  point 
values  for  the  datum  engine. 


FIG,  10  SCOPE  FOR  S.F  C.  REDUCTION 
(MILITARY  ENGINE  M»0-6,SEA  LEVEL) 


For  the  low  thrust  case,  very  large  sfc 
improvements  are  theoretically  available,  amounting 
to  more  than  30  per  cent  before  taking  any  credit 
for  reduced  installation  drag.  However,  implied  in 
such  improvements  are  drastic  cycle  changes  - for 
example,  an  increase  of  by-pass  ratio  to  more  than 
10!  This  seems  well  beyond  the  bounds  of 
feasibility  at  reasonable  levels  of  complexity 
and  cost.  To  attempt  to  approach  such  a degree  of 
cycle  variation  would  result  in  the  whole  engine 
design  being  dominated  by  the  variable  cycle 
requirement,  with  enormous  technical  risks.  More 
realistically,  the  challenge  here  is  to  devise 
practicable  designs  which  yield  a worthwhile 
performance  level  intermediate  between  this  extreme 
example  and  the  small  gains  available  from  the  nozzle  area  trimming  discussed  above.  Preliminary  studies 
suggest,  however,  that  the  difficulty  of  finding  a coat-effective  solution  in  tnis  area  may  be  consider- 
able, unless  the  additional  component  variability  required  could  also  be  used  to  good  effect  in  other 
parts  of  tne  aircraft  flight  envelope. 


4.3  Noise  reduction 


It  has  taeen  noted  earlier  that  cycle  variation  aimed  at  reducing  noise  can  take  a variety  of 
directions,  depending  on  the  balance  of  the  engine  noise  sources.  For  engines  having  a high  jet  velocity, 
a valuable  technique  for  noise  reduction  at  reduced  thrust  conditions  is  to  simply  open  the  propelling 
nozzle.  This  results  in  a reduction  of  turbine  entry  temperature  and  jet  velocity,  the  required  thrust 
then  being  achieved  at  higher  LP  rotor  speed  and  airflow,  and  lower  turbine  entry  temperature  and  jet 
velocity.  A notable  application  is  to  the  Olympus  593  engine  of  Concorde,  for  noise-abatement  climb  and 
approach  to  la.-''ing.  At  the  latter  condition,  an  increase  in  propelling  nozzle  throat  area  of  about 
JO  per  cent  gives  a noise  reduction  of  about  6 PNdfl  (Heferenee  5). 

For  high  by-pas6  ratio  engines  where  fan  or  LP  turbine  noise  may  be  the  significant  problem  at  low 
thrust  conditions,  some  improvement  might  be  achievable  by  reducing  the  eo-e  nozzle  area.  This  has  the 
effect  of  reducing  the  LP  rotor  spaed  and  increasing  the  eore  jet  velocity!  the  balance  of  noise  sources 
is  therefore  changed.  This  technique  was  discussed  by  Wilde  and  Piekerellb  in  connection  with  design 
studies  of  three- shaft  civil  turbo-fan  engines,  a possible  noise  reduction  at  approach  of  about  > HWB 
being  estimated. 

Far  more  radical  schemes  for  cycle  variation  are  envisaged  by  some  project  engineer*  ar  » 
potential  solution  to  the  noise  problem  of  future  supersonic  transport  aircraft  (SST's).  fi.e  uesign 
requirement  for  long  range  supersonic  cruise  leads  ta  strong  emphasis  on  minimising  powerplant 
installation  drag  and  weight.  Furthermore,  the  high  aircraft  velocitv  at  supreonic  cruise  necessitates 
an  engine  of  essentially  high  jet  velocity.  Current  SST's  (Concorde  a*..  rimh)  therefore  make  more  sois-v 
in  the  vicinity  of  airports  than  modem  subsonie  aireraft  fitted  with  high  by-pass  ratio  turbefans. 
However,  future  SST  designs  will  need  to  show  significantly  improved  noise  characteristics.  Unless  a new 
and  highly  effective  technique  of  jet  noise  suppression  is  established.this  will  entail  a reduction  in  jet 
velocity  at  the  take  off  condition. 

Figure  11  gives  a simplified  indication  of  the  variation  of  jet  noise  with  velocity.  Due  to  the 
ehepe  of  this  curve,  a considerable  change  of  engine  design  will  be  necessary  to  gain  a substantial  noise 
reduction.  Allowing  for  some  improvement  in  aireraft  elisb  characteristics,  and  taking  into  account  the 
important  subjective  effects  of  noise  spectral  content  and  duration,  it  has  been  estinated  that  the 
eehtevement  of  noise  levels  appropriate  to  a future  SST  will  require  at  least  a 50  per  eent  airflow 
increase  at  a given  thrust.  To  achieve  this  by  simply  fitting  larger  engines  and  their  associated 
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intake  oya terns  could  give  rise  to  a substantial  penalty  in  terms  of  weight  and  supersonic  cruise  drag. 
Variable  cycle  schemes  involving  large  increases  of  poverplant  airflow  at  take-off  and  landing  conditions 
have  therefore  been  widely  studied.  While  such  schemes  would  add  considerably  to  poverplant  cost  and 
weight,  scope  does  exist  for  compensating  for  these  disadvantages  by  virtue  of  the  better  fuel  economy 
characteristics  potentially  available  from  a higher  flow  poverplant  during  subsonic  phases  of  the  flight. 

An  SST  needs  to  carry  a very  substantial  fuel  load  for  subsonic  flight,  covering  departure  from  the 
airport  area,  climb  to  height  and  possible  subsonic  cruise  over  densely  populated  areas,  as  well  as 
diversion  and  holding  conditions.  This  can  amount  to  approximately  double  the  passenger  payload. 

Therefore  an  improvement  in  subsonic  fuel  economy  can  be  very  significant.  Figure  12  compares  subsonic 
afc  levels  of  a turbo-jet  sited  for  supersonic  cruise  requirements,  and  a by-pass  cycle  having  50  per  cent 
higher  airflow  than  the  turbo-jet  at  the  take-off  condition,  thruat  levels  being  related  to  the  needs  of 
an  aircraft  of  slender  delta  form.  If  moat  of  the  potential  improvement  shown  could  be  obtained  in 
practice  during  the  ‘high  flow*  mode  of  operation  of  a variable  cycle  poverplant,  the  saving  in  subsonic 
fuel  would  be  an  important  factor  to  seL  against  the  added  weight  of  the  poverplant.  Thus  it  might  be 
possible  to  produce  as  SST  having  a payload  fraction  similar  or  superior  to  current  aircraft  of  this  class 
but  with  much  better  noise  characteristics.  This  having  fc-sen  said,  the  problems  of  implementing  a 
radical  variable  cycle  poverplant  concept  for  an  SST  should  also  be  emphasised.  Development  to  meet  the 
stringent  civil  safety  requirements  at  minimum  weight,  together  with  high  performance  and  good  in-service 
maintenance  characteristics,  would  be  a large  task  indeed. 

5.  IN  CONCLUSION 

The  control  of  the  poverplant  eyele  with  the  object  of  gaining  performance  improvements  has  been  a 
subject  of  study  by  propulsion  engineers  over  many  years.  Hore  recently,  reduction  of  noise  has  entered 
the  scene  as  an  additional  objective.  However,  although  some  significant  examples  of  cycle  variation 
ave  appeared  in  production  engines,  three  have  generally  been  of  a relatively  straightforward  nature, 
squiring  little  in  the  way  of  additional  complexity  or  novelty.  Indeed,  most  aeronautical  applications 
have  consisted  of  the  exploitation  of  a variable  propelling  nocsle.  Schemes  involving  substantial 
increase  of  development  effort  and  rink  have  not  ao  far  been  implemented. 

What,  then,  are  the  prospects  fer  the  future?  The  launching  costs  of  new  aeronautical  projects 
have  now  reached  high  levels  in  relation  to  available  resources,  even  fer  collaborative  ventures  between 
cajor  partners.  Proposals  for  novel  design  featurem  which  imply  increased  risk  and  development  cost  will 
therefore  inevitably  attract  highly  critical  scrutiny*  Valuable  benefits  relative  to  alternative 
solutions  will  need  to  be  in  prospect , together  with  e good  level  of  confidence  in  the  euccese  of  the 
proposed  development. 


Such  confidence  must  depend  largely  upon  the  availability  of  n basis  of  practical  experience  of  the 
design  features  in  question.  This  was  acquired  quickly  for  variable  propelling  nozzles  and  variable 
compressor  stators,  and  led  to  their  widespread  application.  As  mentioned  earlier,  experience  of  an 
encouraging  nature  is  now  accumulating  on  turbines  with  variable  nozzle  guide  vanes  - much  ol  it  in  the 
non-aeronautical  gas  turbine  field.  Some  experience  is  also  being  gained,  on  both  sides  of  the  Atlantic, 
in  the  use  of  variable  rotor  blading  for  single-stage  fans.  Bleed  valve  systems  are  al-eady  in  quite 
common  use  in  the  lower  temperature  parts  of  engines,  both  for  compressor  surge  margin  improvement  and  for 
supplying  substantial  quantities  of  compressed  air  for  aircraft  services  such  as  flap  blowing.  This 
again  forms  a useful  fund  of  experience,  though  the  more  extreme  variable  cycle  concepts  would  require 
far-reaching  further  development.  Regarding  the  control  of  variable  cycle  powerplants,  the  sophisticated 
capability  required  could  be  provided  by  digital  systems  which  are  now  finding  their  way  into  the  aircraft 
propulsion  world. 

For  the  future,  variable  cycle  schemes  will  continue  to  face  strong  competition  from  alternative 
solutions.  The  more  radical  schemes  will  not  easily  find  acceptance,  especially  where  their  development 
would  require  a significant  diversion  of  resources  from  the  mainstream  of  powerplant  evolution.  At  the 
same  time,  we  may  expect  the  growth  of  component  experience,  discussed  above,  to  produce  a climate  where 
variable  cycle  principles  will  be  used  more  widely  in  well-chosen  applications.  Certainly  there  will 
continue  to  be  scope  for  ingenuity  in  thinking  about  the  design  of  powerplants  to  meet  the  varied 
propulsion  requirements  posed  by  modern  aviation. 
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DISCUSSION 


N.F.Rekos 

You  did  raise  a question  at  the  very  end.  You  expressed  a great  deal  of  concern  regarding,  let  us  call  them  the 
"radical  concepts”  and  let’s  say,  general  reluctance  of  getting  involved  into  any  such  development.  These  radical 
concepts  will  probably  be  discussed  l3tcr.  Do  you  expect  to  have  or  do  you  expect  to  enlarge  your  capabilities  in 
your  work  at  NGTE  to  include  some  of  these  so-called  radical  cycles? 

Author's  Reply 

Several  project  studios  aimed  at  establishing  practicable  variable  cycle  powcrplant  configurations  have  been  under- 
taken at  NGTE  over  the  last  decade  or  so,  and  the  Establishment  will  naturally  continue  with  such  studies.  How- 
ever, regarding  the  more  radical  variable  cycle  concepts,  a very  careful  evaluation  of  the  benefits  and  penalties,  in  the 
light  of  particular  project  requirements,  must  precede  any  decision  to  embark  on  major  experimental  programmes 
which  divert  resources  away  from  the  mainstream  of  powerplant  evolution. 

My  own  view  is  that  we  will  tend  to  adopt  a more  evolutionary  approach  than  is  currently  advocated  in  some 
quarters,  and  that  we  shall  concentrate  on  developing  the  techniques  which  enable  us  to  progressively  introduce 
greater  degrees  of  variability  in  well  chosen  applications. 

Mr  Swan  has  proposed  some  dramatic  changes  to  the  power  plant  which  would  necessarily  involve  tremendous  tech- 
nical risks.  However,  there  is  much  in  his  paper  with  which  I would  agree.  In  his  discussion  of  the  ‘High  Throttle 
Ratio’  concept  he  has  shown  that  substantial  benefits  can  result  from  careful  selection  of  the  engine  design  con- 
dition. I believe  that,  by  adopting  a highly  integrated  approach  to  the  design  of  engine/airframe  combinations  for 
particular  mission  requirements,  it  wilt  be  possible  to  avoid  the  complexity,  and  inherent  risks,  associated  with  some 
of  the  more  radical  variable  cycle  concepts. 


N.F.Rekos 

1 was  wondering  where  some  of  your  work  could  be  directed  to. 

1 know  we  arc  in  the  United  States  concentrating  a great  deal  on  variable  area  turbines  variable  geometry  nozzle 
valoring  arrangements  for  military  and  civil  applications.  1 think  later  on  you  are  going  to  hear  a paper  on 
propellers.  You  will  find  from  this  paper  this  has  applicability  from  both  military  and  civil  applications.  You  also 
will  hear  a paper  relating  to  cycles  to  optimize  fuel  consumption.  We  are  highly  concerned  of  saving  our  fuel  re- 
sources. The  feeling  is  that  one  must  consider  these  things  even  though  it  is  a great  rise.  The  alternative  is  per- 
forming limited  operations  with  conventional  vehicles  and  possibly  using  too  much  fuel. 

Author’s  Reply 

1 have  been  expressing  „ome  personal  reservations  concerning  the  prospects  for  complex  multi-mode  variable-cycle 
powerplants.  It  was  not  my  intention  to  give  the  impression  that  l consider  work  along  the  lines  you  have  just  men- 
tioned to  be  unrealistic.  To  the  contrary,  much  of  our  effort  is  directed  along  similar  paths. 

Regarding  the  variable  pitch  propeller  1 agree  that  this  deserves  very  serious  consideration. 


E.WiUis 

Your  presentation  seems  to  emphasize  an  evolutionary  or  incremental  approach  to  VCE  development.  Do  you 
believe  that  major  progress  will  result  from  tins  appn  ach?  Do  you  not  feel  that  efforts  should  also  be  applied  to 
some  of  the  more  "radical"  ideas? 

Author’s  Reply 

Clearly  the  case  for  radical  VCE  schemes  needs  to  be  investigated,  and  I am  not  suggesting  that  such  work  should  not 
be  undertaken,  indeed  it  should.  What  t am  doing  is  expressing  some  scepticism  about  the  liklihood  of  such  schemes 
being  adopted  as  a result  of  a st-p  change  in  technology.  My  belief  is  that  a more  evolutionary  approach  will  pro- 
bably be  pursued  for  the  reasons  discussed  in  the  paper. 


EAVillis 

It’s  kind  of  a circular  process  though  because  without  the  examination  and  demonstration  of  the  critical  parts  the 
scepticism  is  always  going  to  remain. 

Author's  Reply 

Yes,  but  in  mounting  a major  exercise  at  tills  stage  one  would  risk  wasting  a large  portion  of  tile  available  research 
and  development  resources. 


RJ.La  (inter 

Have  you  used  any  change  in  turbine  efficiency  in  your  cycle  calculations? 

Author’s  Reply 

Not  for  the  studies  reported  in  the  paper.  A number  of  relatively  lightly  loaded  uncooled  variable  turbines  have 
been  run  with,  it  has  been  claimed,  very  small  penalties  in  efficiency.  Indeed,  we  have  some  experience  at  NGTE 
with  such  turbines.  However,  on  cooled  turbines  for  aeronautical  applications  the  problems  of  maintaining 
efficiency  are  very  great,  but  we  have  assumed  constant  efficiencies  in  our  calculations,  at  levels  typical  of  fixed 
geometry  machines. 
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RESUME 


On  examine  let  condition!  dans  lesquelles  ie  d6termine  le  choix  du  cycle  pour  un  moteur  militaire  . Des 
mbthodes  blaborbes  d'optimiiation  existent  mats  les  auteurs  essaient  d'bclaircir  le  probifeme  par  une  reflexion  directe.  Dans 
le  cas  des  avions  de  combat,  les  contraintes  imposes  au  choix  sont  pass6es  en  revue  et  I'intbret  de  la  g6om6trie  variable 
apprbeib  . 


L’lnfiuence  des  hypotheses  dbfinlssant  la  mission  est  trbs  grande  . Si  dans  certains  cas  I.  .hoix  das  caroc- 
tbristiques  fait  I'objet  d'un  compromis  assez  facile,  dans  d'autres  cas  des  contradictions  apparaissent. 

L'btude  et  la  mise  au  point  de  nouveaux  moteurs  doivent  etre  abordbes  en  tenant  compte  d'un  vaste  ensemble 
de  parambtres  dont  certains  ne  sont  ni  techniques  ni  quantifiables. 


INTRODUCTION 


La  caractbrisfique  des  etres  vivants  est  d'avoir  attaint  un  degrb  de  perfectionnement  odmirable  qui  leur 
permet  de  se  reproduce  en  s'odaptant  toujours  mieux  aux  conditions  de  leur  vie.  Sans  devenir  capable  de  maitriser  I'alchimio 
des  chromosomes  Itiomme  a su  sblectionner  patiemment  des  varibtbs  optimisbes  pour  ses  besoins  et  disposer  de  vaches  qui  ne 
donnent  que  du  lait,  comme  de  baeufs  qui  ne  donnent  que  du  filet,  c'est  6 dire  exactement  ce  qu'on  leur  demande. 

Quelle  surprise  de  constater  que  lorsqu'il  s’agissait  de  fnbriquer  de  toutes  pibces  des  mbcanismes, les  ingbnieurj, 
qui  n'ont  rien  6 rendre  aux  bleveurs,  no  solent  pas  parvenus  6 dbfinir  des  modbles  qui  recueillent  I'uncnimifb  des  faveurs  ! 

Nul  n 'ignore  cependunt  que  la  naissance  d'un  nouveau  moteur  d'avion  est  dbsormais  entourbe  de  nombreux  cercles  de  tetes 
pensantes,  qu'elle  est  le  fruit  d'un  long  processus  de  dbcision,  dans  lequet  apparaft  bien  sou  vent  le  maTtre-mot  "optimisation". 

Essayer  de  comprendre  6 quel  les  difficultbs  peut  se  heurter  cette  dbmarche  a priori  puissante  et  efficace  , 
comment  I 'effort  d'optimisation  peut  Jtre  mis  en  dbfaut,  quels  espoirs  peut  faire  noitre  la  nouvelle  race  des  moteurs  6 gbombtrie 
variable,  tel  est  icl  notre  propos,  limitb  au  cas  particulier  des  avions  de  combat,  sans  toutefois  exclure  la  rbfbrence  6 d'autres 
types  d'utilisatlon. 

Un  programme  de  moteur  d'ovion  d'ormes  ou  de  transport  commercial  est  devenu  une  affaire  d'Etat,  qui  engage 
des  sommes  trbs  importantes,  des  efforts  de  longue  durbe,  Pavenir  de  nombreuses  personnes  . C'est  pourquoi  toute  dbcision  doit 
s'appuyersur  une  analyse  approfondie  pour  loqueile  on  requlert  les  moyens  les  plus  mod  ernes. 

Malheureusement  il  y a eu  des  cas  ou  on  a dbcouvert  trop  tard  que  les  ordinateurs  ne  pouvaicnt  rcstituer  que 
ce  qu'on  leur  avoit  fourni,  et  des  avions  qu'on  croyait  parfoitement  optimisbs  n'ont  eu  aucun  succbs.  Sans  doute  parce  que  les 
crltbres  d'optimisation  retenus  n'btaient  pas  bons.  Nous  pensons  que  I 'avion  (avec  son  moteur)  optimal  est  celui  qui  remplit 
bien  la  mission  <pii  lui  est  confibe  . Mais  cette  mission  est  bien  difficile  6 definir  et  6 exprimer  en  termes  quantifiables  ossimi- 
lables  par  une  machine.  On  pourrai!  dire  par  exemple  que  lo  mission  d'un  avion  commercial  est  de  rapporter  la  gain  maximal 
6 son  operateur  . Ce  serait  oublier  qu'il  doit  d'abord  se  faire  accepter  par  les  habitants  de  cette  plonbte  en  pleine  crise  de 
conscience  technologique.  De  mbme  la  mission  d'un  avion  .ilitaire  serait  de  donner  lo  victoire  si  I'on  oubliait  la  recherche 
sincere  el  rbpondue  d'une  paix  vbritoble. 

II  y o done  peu  d'espotr  que  la  rbunion  dans  un  vaste  programme  d'ordinateur  des  bquations  de  la  mbcanique, 
de  la  thermodynamique,  del'abrodynomique,  des  meiileores  mbthodes  de  colcul  des  structures  et  des  bcoulements,  des  cortb lo- 
tions les  plus  rbcentes  sur  les  tendances  technoiogiques,  des  statistiquet  sur  les  cauls  et  dblols.ete. . . .puisse  donner  un  rbsultat 
valoble  si  quelques "coups  de  pouce"  ne  sont  pas  donnbs  au  bon  moment . 

Notre  expose  ne  prbtend  pas  rbtoudre  le  problbme  ni  meme  sans  doute  le  poser  complbtement.  Dans  un  premier 
temps,  nous  ollons  es  layer  de  voir  dons  quel  les  conditions  peut  se  dbrouler  une  optimisation  formelle  foisant  appel  6 des  donnbei 
quantitatives  et  techniques.  Ensuite  nous  examineront  d'autres  blbments  qui,  pour  btre  moins  techniques  et  sur  tout  mains  quon'U 
flobies  n'en  sont  pas  moins  important!. 


OPTIMISATION  FORMEUE 


La  processus  d'optimisotlon  comprend  norma* 

lament  I at  phases  suivontes  : (voir  schdmo  cl -contra) 

- ddfinltion  da  la  mittion  b oecomplir  par  I'outil  6 rdalisar 

- dtabllssement  da  eritdres  quantifies  mesurant  la  valeur  do 
travail  effectivemcnt  accompli, 

- recentement  del  paramitrei  rigitsanf  lei  earoetdristiques 
da  I'outil  produit  at  das  contraintes  tubias  , 

- calcul  determinant  la  combination  del  parametrei  donnant 
la  meilleure  valeur  au  travail  accompli  au  court.  d'une 
minion. 


Prenoni  un  example  : 


Mission 

virage  demi-tour  d'un  avion  de  combat 

connu. 

Outil 

trajectoire  suivie, 

Crifbre 

temps  pour  tourner  (b  altitude  maintenue). 

ParamOtres 

angles  d'incidences  et  d'inclinaison  , 
poussde  , 

Contraintes 

limites  de  la  structure,  du  pilote,  du 
moteur,  de  I'adrodynamique,  etc... 

▼ 


OPTIMUM 


Calcul  : voir  par  example  la  reference  1 . 

Le  calcul  explicite  eit  possible  parce  qua  : 

- la  minion  eit  clairement  et  limplement  definie, 

- le  crirtre  eit  bien  calculable  et  appreciable, 

- I 'influence  de  chaque  paramitre  est  determine. 

Euayoni  d'appliquer  ces  notions  aux  avions 
militaires  at  6 leurt  motaurs  . 

Inue  de  reflexions  qui  prannent  kur  source 
dans  la  politique  de  defense,  la  configuration  generate  de 
I 'avion  impose  certaines  contraintei  au  moteur  et  to  minion 
6 accomplir  est  grossitrement  defioie.  Cast  ce  qua  schematise] 
le  tableau  de  la  figure  1 . Ce  n'est  que  frfes  lentement,  6 ma- 
ture dei  decouvertes  de  la  recherche  et  des  reunites  technolo- 
giquei,  que  les  concepteurs  imaginent  des  systbmes  o/ant  des 
configurations  Iris  nouvelles. 
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POLITIQUE  OE  DEFENSE 


L 


ORGANISATION  DES  ARMEES 


L 


ADAPTATION  AUX  THEATRES  D OPERATIONS 


/ DISSUASION  .STRATEGIE.TACTIOUL,  LOGISTIDUE,  DIVERS  \ 

/ GRANDES  CARACTERISTIOUES  DES  SYSTENIES  D ARMES  \ 

1 — 1 r i t— 1 


Au  stade  actuel  et  comme  le  montre  le 
diagramme  de  la  figure  2 , I'arialyse  dei  minioni  conduit  d 
la  conception  de  systbmes  plus  ou  moint  specialises.  S'ils  sont 
trbs  specialises,  il  est  plus  facile  de  les  deflnir  et  let  missiles 
concurrencent  facilement  les  avions.  Si  la  mission  comprend 
une  grande  part  de  souplesse  et  done  d'intelligence  active, 
la  presence  de  fhomme  du  !ent  indispensable  : il  t'ogit  d'un 
avion  peu  specialise  mats  bien  difficile  a definir.  Avec  plus 
ou  moins  de  conventions  et  dam  des  conditions  que  nous  exa- 
minerons  plus  loin,  on  arrive  p^r,«ralement  au  concept  d'un 
avion  ou  de  plusieurs  avions  remplissant  les  fonctions  nbces- 
saires  et  qu'il  convient  de  realises  suivant  un  certain  calendrier 
et  dam  un  certain  contexte  industtiel. 

Un  proeessus  d'optimisation  peut  s 'engager 
aiort  qui  devrait  attribuer  une  valeur,  positive  ou  “efftcaeite11, 
negative  oU*co0t,“6  chacune  des  carocteristiques  resultant  de 
to  conception  du  moteur  ddfinie  par  un  choix  de  pa/amdtres 
dons  le  codre  de  la  teehnologie  disponible.  Mais  cette  voieur 
ne  peut  se  coleuler  que  dans  le  cadre  d'une  mission  precisee. 

II  t'ogit  en  effet  de  pauvoir  formuler  une  “fonetion  d'effieaeite 
globale"  don)  on  euoiera  d'otteindre  le  maximum. 
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Fig.  2 - Premiere  analyse  des  missions 
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Les  principaux  poromfetres  disponibles  tonf  rappelds  «n  figure  3 . Nous  nous  bornerom  ici  6 examiner  le 
cat  des  turbomachinet  faitant  appel  6 det  cycles  de  type  connu  . Cet  eyelet  tont  flnalement  ddfinis  par  un  nombre  assez 
restraint  de  caractdristiques  : 

Le  nombre  de  flux  ett  Itmtfd  par  I'ingdnlositd  at  rencontre 
dvldemment  det  problfemes  de  complexity  et  done  de  polds. 

Leurt  Importanca  relatives  peuvent,  tout  let  memet  reserves, 
varler  largement,  entre  la  valour  trfes  grande  attribuable  6 
I'hdlice  et  la  nullitd  des  plus  simples  turbordacteurs . Let  rap- 
ports de  pression  coractdrisanf  let  cycles  des  divers  flux  peu- 
vent fetre  cholsis  dans  une  large  gamme  malt  la  marge  est 

etroite  entre  let  temperatures  accepfables  par  le  thermodyna-  AUTRES  TYPES 
mlcien  et  cellet  supportees  par  let  matdriaux,  Enfin  la  rdchauffe  OE  PROPULSEURS 
jprfes  turbine  est  un  vie! I exemple  de  cycle  variable  pratique- 
ment  par  tout  ou  rien. 


CONCEPTION 
DU  MOTEUR 


PROPULSEUR 


Des  travaux  constants  de  recherches  et  de  mise  au  point,  dans 
les  domaines  thdoriques  et  technologiques  ont  permis  depuis 
les  premiers  modules  b gdomdtrie  fixe  de  se  libdrer  progres- 
sivemenf  de  multiples  eonfraintes,  et  I'avenir  peut  apporter 
beaucoup  plus.  Le  caractfere  de  simplicity  attache  b la 
gdomdtrie  fixe  a certes  dtd  ndeessaire  pour  les  premi feres 
realisations,  mais  on  le  retrouve  toujours  grace  aux  qualitds 
inhdrentes  en  motifere  de  cout,  de  facility  d'entretien  ,*de 
robustesse,  qu'il  s'agisse  d'avions-dcoles  ou  d'appareils 
consommables,  lorsque  les  contraintes  rappoldes  ci-dessous 
ne  tont  pas  insupportables. 

Contraintes  en  gdomdtrie  complfetement  fixe 
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Fig.  3 - Principaux  paremfetres  disponibles 


i. 


- Nombre  de  flux  toujours  le  mime, 

- Compresseur  et  turbine  : caractdristiques  dependant  du  nombre  d'dtages  qui  varie  de  fagon  diserfete  , 

- Compresseur  at  turbine  tournent  b la  mime  vitesse,  en  permanence, 

- Le  rapport  de  dilution  varie  naturellement  en  fonction  du  rdgime  de  vol, 

- Le  rendemenf  de  I'entrde  d'air  varie,  la  distortion  peut  etre  trop  forte, 

- Pertes  incontroldes  par  jeux,  refroidissements,  ddcharges, 

- Rdgime  de  combustion  se  ddsadaptant  , 

- Pas  de  rechauffe  possible. 

II  est  bien  clair  que  ce  stade  est  ddpassd  et  que  les  avions  dlabords  qui  assurent  le  transport  des  passagers 
dans  des  conditions  remarquables,  ou  qui  figurent  dans  les  systfemes  de  defense  les  plus  puissants  tirent  parti  de  vdritables 
progrfes  dont  les  principaux  sont  rappelds  ici  : 


S 


V 

t1 


Au  ttode  octuel  des  ameliorations 
Portes  de  ddcharges  interflux  : 


Rapport  de  dilution  et  nombre  de  flux  variant  d'une  fagon  limitde 


Stators  de  compresseurs  b calage  variable  : 

Deformation  du  champ  du  compresseur  (trgnsitoires,  demurrage  ...) 

Entree  d'air  a geometric  variable  : 

Le  rendement  varie  peu,  la  distorsion  est  idduite 

Tuydres  b section  variable 

Le  point  de  fonctionnement  est  mieux  controle  ; les  transitoires  plus 
rapides ; la  rdchouffe  est  possible 

Soufflonto  b calage  variable 

Adaptation  mellleure  6 la  vitesse  , transitoires  ameliords 

Quant  b I'avenir.  pour  autanl  qu'il  ne  soit  pas  bouleversd  par  des  crises  diffici lenient  prdvislbles,  on  peut 
penser  qu'il  verro  se  ddvelopper  des  perfect  lone  ements  ou  des  nouveoutds  dont  les  plus  ottroyantes  par ai stent  etre  les  suivantes 

Dans  I'avenir 

Vannes  de  direction  des  flux 

- eycles  serte-parallfele 

• inversion  [et  choud  -jet  froid  (poossde  basse  vitesse  , bruit) 

Section  variable  des  distributees  de  turbine  : 

Ligne  de  fonctionnement  optimlsee  , debit  constant 

Calage  variable  : 

Rendement  ameliore 

-Cqmbrure  des  aobes,  rotors  b calage  variable  ; 
•Transmission  b vitesse  variable 
•Etaoes  ddbroyables 

Optimisation  permanente  t marge  au  pompage  , rendement  du  compresseur, 
rapport  de  pression  , debit  du  moieor 

Certain*  de*  dispotitifs  de  g6om6frie  variable  ont  6t4  utilises  en  fait  depuis  atsez  longtemps  sur  les  turbo- 
r6acteurs  . Par  example  : 

- Le*  ttator*  de  compresseurs  6 calage  variable 

Initialement  il  s'agissait  d'amdliorer  la  marge  au  pompage  du  compresseur  aux  trds  ba*  regime*,  mai»,  grace 
ou  ddveloppement  de*  systemes  de  regulation  perfectionnds,  il*  peuvent  etre  maintenant  utilises  pour  amdliorer  le  rendement 
ou  le  debit  du  compre$seur  dan*  tout  le  domaine,  ou  pour  combattre  en  route*  circonstonces  let  effets  de  la  distortion  de 
I'dcoulement  dan*  1‘entrde  d'air  . 

- Les  vannes  de  decharge  etaient  d I'origine  de  simples  echappements  d'air  perdu  destine*  d permettre  les  evolutions  aux  faibls 
vitesses  de  rotation  ; ddsormais  il  s'agit  de  larges  orifices  permettant  une  redistribution  des  flux  dans  un  assez  large  domaine 
de  fonctionnement. 

- Les  tuyeres  d section  variable  ont  et6  indispensable*  pour  permettre  I 'accroissement  de  debit  r6duit  produit  par  la  rechauffe 
des  gaz.  Cette  rechauffe  est  d'ailleurs  un  veritable  changement  de  cycle  thermodynamique  accompagne  d'un  changement 
de  la  geometric.  Mai*  leur  emploi  s‘6tend  ddsormais  d la  modification  de  I'odaptatlon  des  compresseurs  sur  le  moteur  sans 
rdchauffe  ; on  peut  ainsi  diminuer  certaines  pertes  d'interaction. 

Cet  examen  rapide  et  non  exhaustif  permet  ndanmoins  de  classer  les  dispositifs  en  trois  categories  : 

Premier  niveau  : elements  amelioranf  localement  I'efficacite  ou  le  fonctionnement  d'un  composant  du  moteur  sans  rdpercus- 
sion  notable  sur  le  cycle  : ces  elements  aujourd'hui  pratiquement  limitds  aux  aubages  directeurs  de  compresseurs  devraient 
apparaftre  prochainement  sur  les  turbines  et  sur  la  chambre  de  combustion.  Leur  action  sera  de  moir.tenir  optimal  le  rendement 
du  composant  concerne  sur  la  plus  grande  plage  possible  d'utilisation. 

Cost  ainsi  qu'on  peut  penser  s'attaquer  au  probidme  des  performances  d regime  reduit.  Un  dispositif  particulidrement  intdres- 
sant  serait  celui  qui  maintiendrait  d tout  instant  d leur  niveau  minimal  les  dcoulements  parasites  ou  secondaires  gdndrateurs 
de  pertes  comme  ceux  dus  aux  jeux  en  bout  d 'cubes  ou  aux  circuits  de  refroidissemont. 

Deuxidme  niveau  : il  s'agit  de  faire  verier  I 'adaptation  des  divers  composant*  du  moteur  entre  eux  afin  d'optimiser  la 
configuration  pour  chaque  cas  de  vol  . Les  variations  de  cycles  qui  en  rdsultent  restent  limitdes  puisqu'il  n'y  a pas  de  change- 
ment de  configuration.  Le  seul  dldment  aujourd'hui  utilisd,  la  tuydre  d section  variable,  ne  suffit  pas  pour  rdaliser  cette 
optimisation  : il  convienf  de  rendre  variables  les  autres  sections  critiques  du  moteur.  Le  ddveloppement  de  cette  gdomdtrie 
variable  passe  done  par  la  mise  au  point  du  distributes^  de  turbine  d section  variable. 

Troisidme  niveau  : e'est  cede  qui  provoque  une  modification  compldte  du  cycle  par  un  changement  de  configuration.  La 
rdchauffe  ou  post-combustion  entre  dans  cette  catdgorie.  Parmi  les  systdmes  en  dtude  la  diversion  des  flux  parait  promise  d 
un  bon  avenir  grace  aux  possibilitds  qu'elle  offre  de  rdsoudre  les  difficultds  du  transport  civil  supersonique  . Qu'en  est-il 
pour  les  moteur*  milifaires  ? 

Intdret  pour  les  moteur*  militaires 

Le  premier  niveau  de  gdomdtrie  variable  s’inscrit  directement  dans  le  cadre  de  I 'amdlioration  des  composant* 
du  turbordaefeur.  El  le  intdresse  done  tous  les  types  de  moteur*  et  ne  peut  done  etre  considdrde  comme  d'un  intdret  spdcifique 
au  domaine  militaire. 

Le  froisidme  niveau  peut  paraftre  sdduisant  pour  lo  propulsion  d'un  avion  militaire  polyvalent.  On  sait  en 
effet  que  le  meilleur  cycle  pour  les  mijsions  do  pdndtration,  de  convoyage  ou  comportant  une  part  d’attente  importante  corres- 
pond d un  taux  de  dilution  dleve  pour  un  rapport  de  pression  dlevd  ; pour  de*  mission*  de  combat  tournoyant,  un  taux  de  dilu- 
tion moyen  et  un  rapport  de  pression  dlevd  associds  d une  post-combu*tion  pilotable  conviennent  mieux  ; enfin.pour  les  missions 
d 'interception  en  haut  supersonique,  le  meilleur  cycle  coarespond  d un  taux  de  dilution  et  un  rapport  de  pression  foibles  avec 
post-combustion. 

Un  moteur  capable  de  reallser  tous  ces 

cycles  pourrait  paraftre  iddal,  mais  outre  qu'il  paraft  doufeux  4 . M 

que  I 'on  parvienne  jamais  d une  telle  "souplesse",  un  tel  moteur 

serait  tres  certainement  lourd  et  surtout  encombrant,  ce  qui  se  ^ '\*Sy**^  I 

traduirait  pour  un  avion  fortement  motorise  par  des  penal  ites  et  uj  su 

trainees  qui  confrebalaneeraient  les  benefices  de  la  formula.  4^/'  * O * 

^ / ►-  a z 

Le  niveau  intermediaire  semble  plus  prometteur  >r  «j  lu 

pour  les  moteurs  militaires.  Si  I'on  examine  le  domaine  de  vol  / u1  <j  a 

d'un  moteur  supersonique  (figure  4)  on  s'apergoit  que  la  perfor-  j 5 I 5 

mance  maximale  du  moteur  est  limitee  par  des  facteers  mdcani-  NL  unite  jJJ  <jj>- 

ques  ou  thermiques  differents  selon  les  cas  de  vol.  II  s'ensult  limits  | X I s 

que  la  poussee  du  moteur  ne  correspond  a I 'optimum  de  lo  / TET  I — — ’ I — • 

formule  que  dar.s  une  petite  partie  du  domaine  de  vol  . Une  J . g . 

adaptation  variable  devroit  permettre  de  deplacer  ees  limitations  / 

de  fagon  a autoriser  le  fonetlonnement  d I 'optimum  du  paramdtre  / s 

intdressant  (pressions  pour  la  poussee,  rendement*  pour  la  / / aP  / <P 

eonsommotion  , etc ). 
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Fig. 4-  Domaine  et  limitations  du  moteur 
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LE  MOTEUR  ET  L'AVION 


Dans  le  processus  d 'optimisation  dont  nous  suivons  ie  ddroulement  se  place  maintenant  une  6 tape  decisive  , 
celle  de  I 'integration  du  moteur  d i 'avion.  En  effet  ie  moteur  n'est  qu'une  partie  du  systdme  at  meme  du  sous-systdme  qu'est 
encore  I 'avion  . L 'optimisation  dolt  done  porter  sur  la  totality  du  syst6me.  Mail,  pour  I 'instant,  considdrons  seulement 
I'avion  et  ses  qualites  intrinsdques  . En  associant  une  formule  de  moteur  6 une  formule  de  cellule,  il  est  possible,  au  prix  de 
calculs  d'avant-projet  dont  les  references  2 et  3 publiees  par  I'AGARD,  donnent  les  grands  principes,  de  faire  apparaftre  les 
qualites  caracteristiques  rassembldes  dans  ie  tableau  de  la  figure  5. 


qualites  caracteristiques 


MOTEUR 


intEgrabilitE  a 

L'AVION 

POUSSEE 

NOMINALE 

POIDS 

ENCOMBREMENT 
COMPATIBILITE 
AVEC  ARMZMENT 
ET  EOUIPEMENT 


AVION 


PERFORMANCES 


D'ATTERISSAGE 


EMPLOI 


Economie 


RAYON  D'ACTION 

FIABILITE 

COUT  DE 

AUTONOMIE 

vulnerabilitE 

dEveloppement 

PLAFOND 

SURVIVANCE 

COUT  UNITAIRE 

VITESSE  MAXI 

RESISTANCE  a 

COUT  DE 

TEMPS  DE  MONTEE 

L'ENVIRONNEMENT 

MAINTENANCE 

MAor.r  np 

SirsNiATIlRF  1 R. 

DiirEf  DF  vif 

MANOEUVRE 

CARBURANTS 

COUT  D'INDUSTRI- 

LONGUEUR  DE 

DIVERS 

-ALISATION 

DECOLlAGE 

SURPUISSANCE 

INCIDENCE  MAXI 

REGIMES 

maniabilitE 

D'URGENCE 

TEMPS  DE 

REPONSE 

VITESSE 

MESURES 

apprEciables  MAIS 

ESTIMATIONS 

PHYSIQUES 

NON  MESURABLES 

financiEres 

Rg.  5 - Prlncipaies  qualites  caracteristiques 


Nous  avons  classe  ces  caracteristiques  en  trois  groupes  : 

Les  performances  sont  physiquement  mesurabies  et  s'expriment  en  kilometres,  en  secondes,  en  nceuds  ou  en  "g". 

Les  caracteristiques  economigues  s'expriment  en  unites  monetaires  bien  definies  mais  ce  ne  sont  quo  des  estimations,  la  mesure 
ne  pouvant  se  faire  que  bien  plus  tard,  trop  tard. 

Enfin  les  qualites  d'emplol  ne  se  mesurent  pas  vraiment ; elles  peuvent  s'apprecier  ou  prendre  un  caractere  statistique. 

Dds  lors  le  probleme  qui  va  se  poser  est  celui  de  I'amalgame  de  ces  qualites,  ramenees  si  possible  h une  seule 
unite  de  mesure,  et  ponddrdes  pour  former  la  fonction  6 optimiser.  Nous  allons  voir  que  suivant  le  type  d'avion  envisage,  ce 
probleme  est  plus  ou  mains  difficile,  voire  rdaliste.  En  effet,  I'opdrateur  principal  qu'il  faut  appliquer  aux  caracteristiques 
de  performances  pour  les  mesurer  est  la  mission  exacte  que  devro  tenter  d'accomplir  I'avion  . Dans  le  cadre  du  present  expose 
il  ne  sera  pas  possible  d'entrer  dans  les  details  et  d'ailleurs  notre  propos  doit  s'orienter  vers  I'apport  de  la  geometric  variable. 

Voyons  Sur  un  exemple  I 'application  des  concepts  exposes  prdeedemment.. 


Sort  le  probleme  de  la  surveillance  des  cotes  ; l'd,*»"c«j  dsvient  : 


- Mission 

: Surveillance  des  cotes 

- Outil 

: Avion  classique  subsonique 

- Critdre 

: Toux  do  presence  en  tout  point 

- Poramdtres 

: Taille  et  cycle  du  moteur 

- Contraintes 

: Emport  du  matdriel  specialise 
Budget  alloud 

- Caieul 

; Pour  divers  avions  de  transport  existants  on  peut  determiner  le  tau*  de  presence  correspondanl 
a la  flotte  permise  par  le  budget 

Nous  voyons  ici  qu'intervienl  trds  'artemenf  I'une  des  qualites,  qu'on  puut  representer  par  I'autonomie. 
Reeberchant  ainsi  les  points  Important*  dans  un  cenu.n  nombre  de  ece,  on  peut  dresser  le  tableau  de  la  figure  6 dans  tequel  la 
taille  des  rectangles  indique  appro* Imotivement  (‘importance  ottochde  6 cheque  coractdristique  pour  la  mission  eorrespondonte. 
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Examinons  quelques  cos  plus  en  ddtoil  . 


Rg.  6 - Importance  des  qualitds  pour  le#  missions 


AVIONS  DE  TRANSPORT  CIVILS  SUBSONIQUES 

Les  profils  de  missions  d'un  avion  de  transport  civil  dtanf  assn  p«u  varids  et  les  entires  de  choix  dtant  des 
crit&res  dconomiques,  le  probifeme  de  I 'optimisation  d'un  projet  d'ovion  est  assez  facile  d formuler.  On  peut  le  rdsumer  de  la 
fagon  su  i van  te  : 

- Minimiser  le  cout  du  transport  (cout  du  siige  x kilometre  ou  de  la  tonne  x kilometre  ) ; 

- Respecter  des  contraintes  imposdes  par  la  riglementotion,  les  infrastructures  adroportuaires,  le  reseau  des  compagnies 
oeriennes,  les  gouts  des  passagers,  tellesque 

. le  niveau  de  bruit 

. la  longueur  de  piste  ndeessaire  au  ddcollage  et  6 l 'atterrissage 
. la  charge  marchande 
, la  longueur  d'dtape 
. la  vitesse  de  croisi ire 
. I 'altitude  de  croisi ire 
. le  plafond  avec  un  moteur  en  panne 

Dans  la  pratique  ('optimisation  peut  etre  ddcouplde  en  deux  optimisations  sdpordes  du  moteur  et  de  la  cellule. 
Ceci  est  evidemment  schdmatiqu*.  en  rdalltd  une  collaboration  entre  avionneurs  et  motoristes  est  ndeessaire,  torsqu'on  lance 
un  projet  de  moteur  il  est  dvidemment  preferable  de  tavoir  6 quel  type  d'ovion  on  le  destine.  Cette  collaboration  est  en  parti- 
culier  indispensable  pour  choisir  un  point  de  croitidre  el  pour  choisir  lo  toille  du  moteur.  Une  foil  ce  choix  foil,  il  s'agira  pour 
le  motoriste  de  : 

— Reduire  la  consommation  spdcifique  au  point  de  croisi  dr  e retenu  . Ceci  est  impose  par  le  poids  du  coot  du  car  bur  ant  dans 
le  cout  du  transport  odrien  . 

Si  la  longueur  d'dtape  dtoit  impose#, on  pourrail  dans  la  recherche  d'un  cycle  optimum  tenir  compte  des  phases  de  montde 
et  de  descent#  . En  fait  une  telle  optimisation  seroit  de  peu  d’intdrit  car  le  poids  respectif  des  phases  de  montde,  de 
croisidre  et  de  descent#  depend  dnormdment  de  lo  distance  a pareourlr.  II  seralt  dcanomiquemeot  absurd#  de  concevoir 
des  moteurs  diffdrentt  pour  long-courriers  et  court-eoorflers.  C'est  poorquoi  on  peut  dif#  qu'il  exist#  un  point  de  cotcol 
(typiquement  autoor  de  Mach  0,9  30  000  ft)  o£i  il  s'aglt  pour  le  motoriste  de  minimiser  lo  consommation  spdcifique. 

Un  optimum  deonomique  entre  eoOt  du  moteur  et  consommation  spdcifique  exist#  sans  doute.  En  effet  lo  diminution  de 
la  consommation  des  moteurs  a pour  consequence  une  sophistication  et  done  un  eoOt  occru  de  eeux-ci  . I ’augmentation 
du  coOt  du  car  bur  ant  ddploee  I'optimum  vers  des  moteurs  mains  gourmands  malt  plus  chers  6 I ‘achat  et  d'entretien.  II  en 
est  oinsi  dans  les  pays  industriallsds  (qui  fabriquent  les  moteurs  et  les  avtons)  moil  on  pour  rail  concevoir  que  dons  des 
rdgions  du  monde  oo  te  carburant  est  bon  marchd  et  te  personnel  qualifid  est  rare  et  eher,  i'optimum  soil  different  et  que 
des  motdriels  peu  performants  mail  rustiques  et  bon  marchd  soieot  prdferobles. 

— Respecter  le  niveau  de  bruit  impose  par  lo  rdglementotion,  pour  out  ant  qu'il  exist#  one  population  susceptible  d'dtre 


— Veiller  au  rapport  pouss6e/polds  du  moteur  car  la  masse  du  moteur  se  r6percute  (avec  on  coefficient  multiplicateur) 
jur  la  masse  de  I 'avion  et  en  adronautique  le  poids  est  I'ennemi  n®  1 des  performances  et  des  coots. 

Let  deox  contraintes  qoe  noos  vonons  d'dvoquer  n'entient  pas  nicessolrement  en  conflit  avec  lo  recherche 
d'on  optlmom  de  consommation  comme  le  montre  Involution  des  cycles  des  moteors  d'avions  civils.  Los  moteors  trfes  dilu6s , 

6 fort  taox  de  compression  et  6 temperature  devant  turbine  6lev6e  permettent  de  satisfaire  les  trois  exigences  cities  plus  houf 
( JT9  , RB2I1  , Cf  6 , JT  10  , CFM  56). 

Les  constructors  de  cellules  procident  ensoife  6 une  optimisation  de  leurs  projets  (flbche,  dpaisseur  de 
voilure,  faille  de  voilure,  nombre  de  moteurs  etc,...  ) compte  tenu  des  moteors  disponibles,  de  I'dtot  de  I'ort  en  matibre 
d'adrodynamique,  de  structores,  de  systbmes  et  des  contraintes  6voqu4es  plus  haot. 

La  decomposition  de  I'optimisation  des  projets  d'uvions  civils  en  voe  d'une  optimisation  sbparbe  des  moteors 
et  des  cellules  fraduit  assei  bien  la  rbalifb  mais  el  le  la  schbmatise.  Nous  ovons  parl6  de  ('intervention  des  avionneurs  ao 
moment  du  choix  du  point  de  eroisfbre  et  de  lo  faille  du  moteur  mais  elle  nous  semble  souhai table  6golement  au  moment  du 
choix  du  cycle.  En  effet,  la  recherche  du  taux  de  dilution,  si  elle  est  favorable  ao  bruit  et  6 la  consommation,  noit  ou  rapport 
poussbe/poids  6 grande  vitesse  , 6 la  troihbe  des  nacelles,  6 I'encombrement  des  moteors,  ce  qoi  a des  repercussions  sur  les 
cellules. 

AVIONS  MILITAIRES 


Le  problbme  est  de  mSme  assez  facile  6 poser  au  motoriste  lorsque  les  missions  sont  simples  et  bien  dbfinies. 

Ce  sera  le  cas  des  avions  de  transport  ou  de  surveillanco  maritime  dont  le  cas  diffbre  peu  de  celui  des  ovions  civils.  II  est 
significatif  que  ces  avions  emploient  les  memes  moteurs  que  ies  avions  civiis,  le  choix  du  turbopropulseur  ou  du  r6acteur 
double  flux  rdsultant  du  choix  du  point  de  croisibre. 

Penetration  , appui  toctique 

Ce  sera  egalement  le  cas  des  avions  de  reconnaissance,  de  p6 nitration  ou  d'appui  tactique.  Pour  ces  avions 
»il  s'ogira  toujours  de  maxiwiser  le  rayon  d'action  6 charge  militalre  donnie  ou  de  moximiser  la  charge  militaire  6 rayon  d’aefion 
donni,  ce  qui  se  traduit  pour  le  motoriste  par  la  recherche  d'une  consommation  spicifique  minimole  au  point  de  croislbro  ftxi, 
I'avlonneur  se  chargeant  de  produire  une  cellule  de  mane  et  de  tramie  minimale.  Pour  ces  avions  le  taux  de  motorisation  est 
secondaire,  il  est  moins  important  que  le  rayon  d'action  ,il  faut  simpiement  assurer  6 I'avion  des  capacity*  d'auto-difense 
suffisantes  et  conserver  des  longueurs  de  piste  au  dicollage  raisonnables.  On  pourrait  schimatiquement  poser  le  problbme  de 
la  fagon  suivante  : 

- Minimiser  la  consommation  tpecifique  en  croisifcre  6 taux  de  motorisation  en  ccmbot  et  au  decollage  imposes.  Ces  deux 
contraintes  interviennent  non  seulement  dans  le  choix  du  cycles  mais  aussi  dans  le  dimensionnement  du  moteur. 

La  seule  pvt  d’arbitraire  dans  la  formulation  pricidente  provient  du  choix  du  taux  de  motor i sot icn  . Le 
respect  d'un  taux  de  motorisation  minimum  va  6 I'encantre  de  lo  consommation  la  plus  faiole.  Le  meilleur  avion  du  point  de 
vue  rayim  d'action  serait  sans  doute  trbs  peu  motorisb  (6  couse  de  la  forme  des  courbes  Cl  (F)  ) mais  trbs  peu  apte  ou  combat  ».t 
demanderait  beoucoup  de  piste  pour  dbcolier.  Un  probleme  analogue  se  pose  d'aillcurs  au  constructeur  u'e  cellule  lorsqu'il  doit 
choislr  une  surface  de  voilure.  Le  meilleur  avion  de  penetration  ou  point  de  vue  rayon  d'action  aurait  on  moteur  et  une  voilure 
dimensionnes  pour  la  croisibre  basse  altitude,  c'etl  le  miulle  de  croisibre. 

Intercepteurs 


La  caracteristique  essentielle  demandee  6 I'intercepteur  est  la  capacity  d'uccblbration  et  to  vitesse  ascension- 
nelle  qui  dependent  du  bi  ton  poussbe- trainee  : 


T - X dv 

M ' df 

•f-  -ir 

dHt_ 

cit 

avec  T 

5 pouude 

X 

* tramde 

V 

* vitesse 

H 

- altitude 

Hi 

= H V2 

_ altitude  totale 

M 

- masse  de  I'avion 

L ‘inter  voile  de  temp*  nbeessa ire  pour  passer  de  I ‘altitude  totals  Hi  I 6 I ‘altitude  totals  Ht2  est  bonnes  par 

lo  formule  : 

t 


L 'intercepted  doit  done  avoir  un  rapport  poutsee/ poids  le  pioe  elevd  possible,  le  rapport  peossee/  poids  du 
moteur  dolt  done  tore  le  plot  etevs  possible. 


La  pouss6e  variant  avec  le  Mach  at  I 'altitude  de  fagons  diff6rentet  tuivant  let  eyelet,  le  cycle  le  meilleur 
ett  celui  qui  maximite  la  probability  d'interception  det  aviont  hostile*.  En  toute  rigueur  cet  optimum  depend  det  performance! 
det  radart  et  det  mittilet  (portOe  et  capacity  d'accylyration  ou  de  denivelye)  , plut  let  mittilet  tont  performanti  et  moint  il  ett 
nycettaire  que  let  aviont  intercepted!  toient  capable!  de  trbt  grandet  vitettet.  Cecl  n'eit  pat  tant  contyquencet  tur  le  choix 
det  eyelet  det  mofeurt.  Par  consyquent  ti  on  peut  dire  que  I 'augmentation  det  rapport!  poutsde/poidt  ett  un  paramitre  euentiel 
d'optimitation,  le  choix  du  meilleur  cycle  doit  ryiulter  d'une  optimitation  det  performance!  du  tystdme  ovion-mitiile,  compte- 
tenu  det  hottilet  0 interceptor. 

La  contommation  de  carburant  n'eit  pot  6 nygliger  car  I 'intercepted  doit  pottyder  une  certoiie  capacity  de 
pourtuite  6 grand  Mach  et  grande  altitude  pour  contrer  d'yventuellet  yvativet  de  I'avion  6 interceptor.  Or  u contommation 
tpdcifique  donnde  le  ddbit  de  carburant  ett  proportionnel  6 la  pouttye. 

Cependant  ('augmentation  de  la  pound®  6 Ct  conttante  conduit  ongyndrald  diminuer  la  quantity  de  eorburont 
nycettaire  pour  etteindre  un  niveou  d'ynergic  donnd.  Pour  meturer  I'efficacity  d'un  avion  en  croitidre  on  ddfinit  la  contomma- 
tion kilomytrique  : 

C km  Ct  T At  _ ddbit  de  carburant 

V At  viteue 

De  meme  pour  meturer  I'efficacity  d'un  intercepted  td  la  plan  de  la  contommation  de  carburant,  on  peut 
rapporter  celle-ci  6 I 'aecroittement  d'altitude  totale  : 

CHt  _ carburant  _ Ct  T dt 
altitude  totale  dHt 

CHt  Ct  Mg  _T 

V T - X 

En  diffyrenciant  : 


et  h Ct  conttante  ; 

d CHt  / dT  -X  s 0 
CHt  / T " T-X  ^ 

La  recherche  de  rap  ports  poustee/poidt  ylevdt  conduit  done  6 diminuer  lei  tempt  de  montde  et  6 amdliorer 
let  temps  de  pourtuite  . On  peut  done  ougmenter  la  pouttde  en  dygradant  la  Ct  (par  exemple  par  augmentation  du  taux  de 
patt-combuttion)  tant  pour  autant  ougmenter  CHt  , du  moment  que  : 


La  Figure  7 montre  I'influence  d'une  augmentation  de  10%  de  la  pousute  dant  rout  le  domaine  de  vol,  tur 
le  dyroulement  d'une  minion  d'interception,  L 'avion  to  plus  motorhy  monte  plus  vite  en  parcourant  une  distance  plus  foible, 
il  peut  effectu er  une  pourtuite  plut  longue  malt  notom  qu'en  rayon  d’action  let  deux  aviont  tont  equivalents. 


MISSION  0‘ INTERCEPTION 


MACH  3 JOOOC  H 


INFLUENCE  D‘UME  AUGMENTATION  OE  POUSSEE 
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Retour  Ctese  Reserves 

Superiority  otftenne 


Le  problimu  devlent  plus  difficile  6 poter  lonque  le  moteur  doir  equiper  un  avion  d)  dc  tuperiorite  ayrienne. 
En  effet  ce  terme  eil  aaez  voguo  et  II  recouvre  del  missions  extrememenf  vorieej. 

La  figure  8 donn*  dot  exemplei  fypiques  de  missions  de  tupyriority  oyrie.'-ne  . On  peut  conjfoter  que  I’ovion 
doit  nossyder  de  nombreuses  quality*  : 

. Etre  opts  au  combat  tournoyanl  done  avoir  une  grande  manoeuvrability, 

. Avoir  de  bonnes  capacity*  d’occvldration  supersonique  , 

. Etre  yconome  en  carburant  en  croisibre  subsonique  vers  Mach  0,6  - 0,8  et  20  000  - 30  000  ft. 


De  plus  au  cours  de  so  carrier#  operationnelle  un  tei  avion  peut  se  voir  confier  des  missions  de  penetration 
basse  altitude  ou  d'appul  tact  I que.  II  faudra  done  rechercher  un  bon  rayon  d 'act  ion  6 basse  altitude. 

En  bref,  I 'avion  congu  pour  la  supyriority  aerienne  ett  un  avion  polyvalent  du  fait  de  la  varlyte  des  missions 
que  recouvre  le  terme  superiority  aerienne.  II  est  done  difficile  de  parler  d'optimisation  dans  ce  cas  car  on  attache  outont 
d ‘importance  6 des  exigences  controdk'oirei,  comme  nous  le  vert  on*  plus  ba*.  II  serai*  plus  exact  de  dire  que  I ‘avion  et  son 
moteur  sont  let  resultat*  de  compromls  plutot  que  d'une  optimisation.  L 'exigence  de  forte  motorisotion  est  cantrodictoire  avec 
celle  d'unn  faible  eonsomnr.atior.  kllometrique  6 boss*  altitude  ou  d’une  grande  a>ttonom!e  en  combat  6 to  poussye  maximale. 

Mail  il  faut  rioter  que  le  taux  de  motorisotion  6 une  vitesse  et  une  altitude  donnde  depend  outont  du  cholx  de  lo  faille  du  moteur 
que  du  cholx  du  cycle. 

GEQMETRIE  VARIABLE  DES  AViQNS  ET  DES  MQTEU8S 


On  demsnde  6 un  avion  polyvalent  typique  : 

- d'avoir  un  rayon  d'action  ytevy  #n  penytrafion  6 basse  altitude  , 

- d'ttre  capable  dWercefter  de*  avion*  volant  d grande  vitesse  et  haute  altitude, 

• de  potseder  de*  carocteristique*  b basse  vitesse  saiisfaisante*  (vitesse*  d'otterrisnsge  e»  de  dycottage). 

De  mime  que  la  forte  motorisotion  (pour  le  combat  et  I ‘interception)  va  6 I'encontre  de  to  faible  consummation 
6 poussee  reduite  (pour  la  penytration  6 boss#  attitude)  , de  mime  lei  deux  premier**  exigence*  conduisent  6 de*  surface*  de 
voiture  foibles  et  les  deux  demises  6 de*  surface*  de  voiture  grande*.  De  plu*  tes  performances  en  supersonique  demandant  de* 
aites  mince*  enftfeehe  au  detriment  de*  performance*  6 batse  vitesse.  Celt  dan*  le  but  de  re  sou  are  ces  contradictions  qu'ont 
4H  eonstruit*  le*  prototypes  b gdometrie  varatble  . la  flbche  variable  per  met  en  effet  de  cancilier  les  performances  A basse 
vitesse  et  le*  performance*  en  supersanique  ou  prtx  bie»  entendu  d'une  complexity  et  d'un  cout  acov*. 

lei  nous  pouvons  tenter  de  faire  un  por  alible  enire  la  geomytrie  variable  uppliquee  ou x cellules  et  la  geometrle 
variable  appiiquee  oux  moteur*. 

Ce  qu'on  a eoutvme  d'appeler  avion*  6 gporndtrie  wtable  sont  tes  avions  a ftbche  variable.  En  reality  tes 
avion*  b flbche  fixe  dquipb*  de  bees  et  de  volets  mobiles,  d ‘entree*  d'oir  a parties  mobiles  sont  de(s  des  ovian*  6 geomytrie 
variable. 


Quant  oux  moteurs,  quant  on  parle  de  gbombtrie  variable  on  pense  jouvent  cycle  variable  et  en  particulier 
faux  de  dilution  voriable.  II  ne  faut  pc#  oublier  que  les  moteurs  bquipbs  de  post-combustion  sent  dbjd  des  moteurs  6 cycle 
variable  et  que  les  portes  de  dbcharge,  les  aube$  d calage  variable  sont  de  la  gbombtrie  variable. 

II  y auroif  done  pour  les  cellules  comme  pour  les  moteurs  une  "grande"  gbombtrie  variable  et  une  "mini" 
gbombtrie  variable. 


Cellules 

Moteurs 

Flbche  variable 

Taux  de  dilution  variable 

Hypersustentateurs 

Aubes  b calage  variable 

Cambrure  variable 

Portes  do  dbcharges  (?) 

Entr6es  d'air 

1 Tu 

yfcres  | 

Grande  G.V, 
Niveau  III 

Mini  G.V. 
Niveau  II 

Niveau  I 


Essayons  de  justifier  ce  parallble  plus  en  dbtail  : 

- Le  citoix  d'une  flbche  et  d'une  bpaisseur  relative  de  voilure  ost  un  choix  du  meme  typo  que  le  choix  d'un  taux  de  dilution. 
Le  constructeur  do  cellules  dcit  faire  un  compromis  entre  des  performances  basse  vifesse  et  des  performances  grande  vitesse, 
le  constructeur  de  cellules  doit  faire  un  compromis  entre  la  consommotion  spbcifique  en  subsonique  et  la  consommation  et 
la  poussbe  spbcifiques  6 grand  nombre  de  Mach. 

- Le  choix  de  la  surface  de  voilure  "ressemble"  b celui  d'une  taille  de  moteur.  Une  grande  surface  permet  de  diminuer  les 
vitesses  d'approche  et  d'ambliorer  la  manoeovrabilitd  mais  aupmente  la  trainde  lorsquo  le  vol  se  fait  b grande  vitesse  et 
foible  incidence  (pdndtrafion  basse  altitude  6 grande  vitesse  ou  interception)  . Un  taux  de  motorisation  dlevd  donne  des 
performances  brillantes  en  combat  et  en  accdldration  mais  est  inutile  et  meme  nuisible  en  pdndtration  et  en  appui  tactique. 

- Les  dispositifs  hypersustentateurs  (bees  de  bord  d'attaque  et  volets  de  bords  de  fuite)  permettent  uno  meilleure  adaptation 
de  la  voilure  6 son  point  de  fonctionnement  (vitesse  et  incidence).  Ms  procuront  un  domaine  de  bon  rendement  plus  large 
qu'une  voilure  de  cambrure  et  de  vrillages  fixes,  b parfir  d'une  forme  en  plan  et  d'une  loi  d'dpaisseur  donndes.  II  y a done 
une  certaine  analogie  entre  cotte  mini  G.V.  et  les  niveaux  I et  II  de  GV  sur  les  moteurs. 

L 'experience  acquise  dans'  la  gbombtrie  variable  sur  avion  pout  aiors  nous  6clairer  sur  I'intbret  de  Io  gbomb- 
trie  variable  apptiquee  aux  moteurs. 

Les  essais  en  vol  et  les  etudes  ont  monfrb  que  dans  ft/.ains  cas  particulars  la  flbche  variable  ne  s'imposait 
pas. Les  progrbs  de  1'hypersustentation  du  point  de  vue  obrodynamique  et  realisation  mbcanique  permettent  de  trouver  une 
combinaison  de  surface  de  voilure,  de  flbche  et  d'bpoisseur  relative  qui  realise  un  bon  compromis  entre  diversos  exigences 
contradictoires  et  qui  rboond  aux  besoins  (en  par.iculier  en  matibre  un  vitesse  d'atterrissage  ). 

Cotte  conclusion  n'a  pas  de  portbe  gbnbrole  quant  6 I'intbret  de  la  flbche  variable.  II  est  bien  certain  que 
si  I'on  voulait  rbduire  la  vifesse  d'approche  sans  rbduire  les  autres  demandes,  le  recours  6 la  flbche  variable  serait  indvitabie. 
Mais  dans  cer'oins  cas  on  peut  estimer  qu'une  rbduefion  supplbmentaire  de  la  vitesse  d'approche  ne  vaut  pas  la  compiexile  et 
le  cout  de  la  flbche  variable.  Ilya  bien  sOr  une  part  d'arbifraire  et  certains  utilisateurs  qui  ont  des  besoins  operationnels 
particuliers  ont  pu  faire  des  choix  diffbrents  (F  14  , MRCA). 

Mais  comme  nous  le  disions  plus  haut,  ie  resultat  d'un  processus  d'optimisation  dbpend  des  contraintes 
imposbes  a priori  au  produit  final  et  il  est  trbs  important  de  connoftrc  le  cout  de  ces  contraintes ; il  est  bvident  que  plus  on 
est  exigeant  et  plus  le  produit  final  sera  chor. 

Dens  le  cas  des  avions,  les  progrbs  de  la  gbombtrie  variable  au  niveau  II  permettent  de  se  passer  dans  une 
certainu  mesure  de  la  gbombtrie  variable  du  niveau  III. 


CONCLUSION  PARTI  ELL E 

Au  terme  de  I'examen  que  nous  venons  de  faire  de  quelques  cas  particuliers  nous  pouvons  tirer  une  promibre 
conclusion.  Certes  cet  examen  est  trbs  incomplet.  Nous  n'avons  pas  essayb  d'expliciter  toutes  les  missions  militaires,  cela 
nous  aurait  conduit  beaucoup  trop  loin  .Nous  n'avons  meme  pas  fait  appei  a tous  les  parambtres  significatifs  dbfinissant  une 
mission.  Par  exemple  nous  nous  sommes  limitbs  aux  grandes  distances  parcourues  par  I 'avion  ; les  petits  mouvements  sont  aussi 
imporfants,  e'est  d dire  les  manoeuvres  indispensables  pour  le  tir  des  armes  et  missiles,  les  combats  tournoyants  etc. . . . Le 
pilotage  classique  de  I 'avion  dans  les  manoeuvres  upbrationnelles  actuelles  conduit  b exiger  du  moteur  la  stabilitb  dans  un 
domaine  d'incidence-dbrapage  btendu,  comme  le  montre  ia  figure  9 , 

Muigrb  la  simplification  faite,  il  est  clair  que  le  problbme  des  choix  techn'ques  a pu  etre  raisonnablement 
formuib  on  termes  d'optimisation  pour  des  avions  Let  des  moteurs)  spbcialisbs  , par  exemple  maximiser  le  rayon  d'action  basse 
altitude  b Mach  0,8  , b masse  au  dbcollage  et  taux  de  motorisation  imposbs,  ou  bien  inversement  minimiser  la  masse  au  dbcol- 
lage  b rayon  d'action  imposb.  Le  problbme  est  aiors  bien  p se  et  les  choix  oeuvent  etre  bclairbs  par  des  btudes  parambtriques 
significatives . 

Par  centre  lorsqu'on  veut  rbaliser  un  avion  ou  cn  moteur  polyvalent  et  qu'on  accord?  une  importance  bgale  au 
rayon  d'action,  aux  capacitbs  d'occblbration,  b la  manusuvrabilite,  6 la  vitesse  d'atterdssage,  il  ne  s'agit  plus  de  faire  une 
optimisation  mais  des  compromis.  Supposons  nbanmoins  que  I'on  vouille  utiliser  une  fonction  "cout''  b minimiser  qui  fasse  inter- 


-'•’mi;  : 


■p 


venir  le  rayon  d'action,  ie  taux  de  motorisation,  ia  vitesse  d'approche  etc.. .,  le  taux  d'echange  entre  ces  diverse*  perfo r- 
mances  serolt  totalement  arbitraira.  Quelle  augmentation  de  pouu4e  6 Mach  2 faut-il  pour  compenser  une  augmentation 
de  1%  de  Ci  d Mach  0,9  ? Toute  rdpome  eontlent  une  bonne  part  d’arbitraire  et  la  fonction  "efficacite  globale"  d'u-i  avion 
de  combat  rcste  encore  6 trouver.  La  recherche  d'un  meilleur  cout-efflcacite  eit  un  6 tat  d'esprit  plus  qu'un  probldme  mothdmo- 
fiqu  , surtout  pour  del  avion*  militaires  pour  losquel*  le  problems  de  la  rentobilit6  dconomique  ne  se  pose  pas. 

C'est  pour  celo  nous  semble-t-ll  que  I'optimisotion  formelle  d’un  moteur  (ou  d'un  avion)  en  fonction  de  sa 
mission  au  sens  classique  est  un  problfcme  bien  difficile  6 poser.  Toute  tentative  de  faire  apparaftre  les  concepts  "mission"  , 
"outil'V'crifdre",  "paramdtres"  et  "contraintes"  est  un  dchec  dds  lors  qu'il  ne  s'agit  pas  d'un  cos  frbs  specialise.  Esf-ce  6 dire 
que  des  solutions  raisonnablos  n'existent  pas  ? En  fait  il  y a (ongtemps  que  des  solutions  approximative*  os*e2  satisfoisantes  ont 
6t6  trouvees  (tableau  extroit  de  AGARD-L.S.72)  : 


Moteurs  odoptes  b divers  types  d'ovions 


Rapport  do 
press  Ion 

; t 

; chambre 

; Dilution 

: T.E.T. 

* Rendement  du 

* compresseur 

Compression 

sc.ifflonte 

Sustentation 

faible 

fort 

nolle 

maxi 

pas  trbs 
important 

- 

Intercepteur  court* 
port6e  grand  Mach 

faible 

fort 

nolle 

maxi 

pas  trbs 
important 

- 

Chasseur  courte 
portee 

moycn 

fort 

nulle 

maxi 

non  dominant 

- 

Chasseur  grande 
portee 

fort 

moyen 

< 1 

maxi 

non  dominant 

forte 

Bombardier 
super  sonique 

fort 

. fort 

**  I 

maxi 

non  dominant 

forte 

Bombardier 

subsonique 

fort 

moyen 

moyenne 

limitee 

important 

moyenne 

Appui  tactique 

fort 

moyen 

moyenne 

limitee 

important 

moyenne 

Surveillance 

fort 

faible 

forte 

limitee 

important 

faible 

Transport  longue 
distance 

fort 

faible 

forte 

limitee 

extrememenf 

important 

faible 

AVION  DE  SUPERIORITE  AERIENNE 

SUBSONTQUE  SUPERSONIQUE 


EXCURSION  EN  INCIDENCE  • DERAPAGE 
( Essals  en  vol  ) 


Rg.  9 - Domdne  de  vol  en  Incidence  - Ddrapage 
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LA  MISSION  AU  SENS  LARGE 


Nous  avons  vu  quo  I 'optimisation  formelie  se  heurtait  is  des  difficulty  principalement  porce  que  la  mission 
effective  de  certains  avions  dtalt  trop  complexe.  Ndanmoins  nous  savons  asses:  bien  quel  moddle  il  convient  do  choisir  parmi 
les  types  ddjd  existants  et  la  gdomdtrie  variable  no  modifierait  pas  fondamentalement  le  probldme  tout  en  le  coi.mliquant  par 
la  presence  de  choix  suppldmentaires.  Quest-ce  qui  va  done  gulder  la  decision  de  fixer  tel  paromdtre  (par  example  T.E.T  maxi) 
d telle  ou  telle  autre  valeur  ? Tout  d'abord  des  considerations  sur  la  mission,  au  sens  large  cette  fois,  du  moteur  . 

Un  premier  point  est  de  savoir  si  1‘utilisation  du  moteur  doit  etre  pensde  en  fonction  d'un  contexte  de  paix  ou 
de  conflit.  En  temps  de  paix  I'un  des  objectifs  de  tout  systdme  de  defense  sera  de  se  procurer  des  armes  d'un  haut  niveau  techno- 
logique  sinon  du  plus  haut  niveau  accessible.  En  cas  de  conflit  il  s'agira  de  produire  un  maximum  d'appareils  dprouvds  . Le 
tableau  ci-nprds  reprend  les  differences  caractdristiques  entre  ces  deux  situations  . Il  est  clair  qu'd  la  lumidre  de  tel  les  conside- 
rations des  choix  trds  diffe rents  peuvent  etre  faits  suivant  le  point  de  vue  odopte. 

On  nofera  en  particulier  que  le  choix  d'un  avion  bi-moteur  plutot  que  mono-moteur  est  fortement  influence 
par  I'aspect  sdcuritd  des  vols  pendant  les  pdriodes  d'entrafnement.  II  en  rdsulte  que  la  taille  du  moteur  et  son  cycle  sont  deter- 
mines trds  diffdremment.  La  gdomdtrie  variable  apportera-t-elle  une  solution  nouvelle  en  offrant  des  cycles  et  regimes  d'urgence 
augmentant  la  fiabilitd  d'ensemble  ? 


Paix 

Conflit 

Niveau  technologique 

Objectif 

Equipement  massif 

Taux  d'accidents  foible 

Effi  cacitd 

Grandnombre  de  sortioavant  indisponibilitd 

Nombre  dlevd  d'anndes  exploitables 

Taux  de  survicance  dlevd  aprds  bataille 

Economie  d'emploi 

Performances  de  pointe 

Entretien  rdgulier 

Conditions  d'emploi 

Envi ronnement  hostile 

Apprentissage 

Service  intensif 

Entrainement 

Logistique  alldgde 

Service  programmd 

Conduite  brutale 

Bruit-pollution  d dviter  comme 

Nuisances  non  considerdes 

nuisibles 

Conditions  de  production 

Production  dtalde 

Proauction  accdldrde 

Modifications  possibles 

Approvisionnement  difficile  ou  impossible 

Produits  spdeiaux  disponibles 

Emploi  effectif  (exemple) 

Photograph  i or 

Ddtruire 

Un  point  important  est  aussi  do  savoir  si  le  budget  alloud  is  la  mise  au  point  et  6 la  mise  en  oeuve  de  I'avion 
(et  du  moteur)  sera  effectivement  suffisant.  Le  coOt  des  systumes  de  defense  dtont  gdndralement  considdrd  parbeaucoupde  persorr- 
nes  plus  ou  moins  influentes  comme  toujours  trop  dlevd,  on  pout  dire  que  la  mission  d'un  nouveau  systdme  comporte  ur.e  certaine 
reduction  des  coOts . Au  niveau  de  I'achat  et  de  I'entretien  on  peut  se  demander  si  la  gdomdtrie  variable  permettrait  de  ne 
rdaliser  qu'un  seul  moteur  pour  plusieurs  types  d'avions  ce  qui  aurait  des  consequences  industriellos  peut-etre  fovorables  grace 
d des  series  allongees  et  des  pidees  de  rechange  plus  standardises . On  objectero  cependant  qu'ii  s'ogirait  vraisemblablement 
d'un  appareil  plus  complique,  moins  facilement  modulaire,  d'une  mise  au  point  plus  ddlicate  et  par  consequent  peut  etre  plus 
cher. 

Au  niveau  global  on  cherchera  is  se  procurer  un  matdriel  capable  d'une  vie  prolongde  . II  est  possible  que  la 
gdomdtrie  variable  ait  la  capacity  d'assurer,  au  moins  en  partie,  une  compensation  de  la  degradation  due  d I'usure,  e’  prolonge 
la  vie  utile  des  moteurs.  On  peut  surtout  imaginer  que  la  gdomdtrie  variable  offre  deux  modes  de  travail,  grace  d une  program- 
motion  de  la  regulation  : un  mode  "routine"  permettroit  des  performances  honnetes  tout  en  garantissant  une  foible  consummation 
du  potential,  un  mode  "opdrationnel”  permetfrait  des  performances  supdrieures  en  cas  de  ndcessitd. 

Enfin,  pour  des  raisons  industrielles  ou  politiques,  il  peut  etre  intdressant  d 'exporter  le  plus  possible  de  matdriel 
Le  noddle  retenu  pour  un  projet  doit  done  presenter  le  maximum  d'altralt  pour  divers  utilisateurs  dtrangers.Si  la  gdomdtrie  varia- 
ble offre  peut  etre  I 'occasion  de  rdpondre  mieux,  avec  un  meme  moteur,  aux  differentes  missions  auxquelles  le,  jeheteurs  dven- 
tuels  porteront  plus  d'fntdret,  et  de  mieux  s'adapter  aux  climats  parfois  trds  particuliers  correspondents,  il  convient  de  penser 
aux  probldmes  que  peut  poser  le  niveau  technologique  pour  la  maintenance  au  moins. 


LES  CONDITIONS  DE  L'OPTIMUM 


Les  chapitres  precedents  ont  montrd  I 'impossibi  Iit6  de  formuler  mathdmatiquement  le  probldme  de  I 'optimisation 
et  que  le  choix  optimal  devra  etre  arretd  sur  la  base  d'un  compromis.  Quel  les  sont  les  conditions  6 rdunir  pour  que  ce  compro- 
mis  aboutisse  is  un  rdsultat  honorable  sinon  brillant  ? 

Les  niveaux  de  realisation  de  ces  conditions  nous  paraissent  etre  les  veritable*  poromdtres  de  I 'optimisation. 

Au  premier  chef  il  s'agira  d'assigner  is  I'avion  une  mission  correctemenl  ddfinie  mSme  si  el  le  est  imprecise. 
Autrement  dit,  II  faut  que  les  specifications  du  systeme  d'arme  ne  pr6sentent  pas  d'exigonces  maiadroites.  Par  example  il  serait 
vain  de  specifier  le  d6collage  court  sur  terrain  non  amdnagd  d'un  avion  par  ailleurs  trds  coOteux  et  vulnerable  car  on  ne  le 
risquera  pas  dans  de  tel  les  conditions.  Inversement  il  ne  (cut  pas  oublier  d'incorporor  dans  les  specifications  tout  ce  qui  se 
montrera  utile  pendant  la  vie  op6rationnelle,  Une  certaine  dose  d'imagination  est  surement  necessaire  pour  penser  6 I'avonce 
is  tout  ce  qu'on  pourra  demander  d un  memo  avion.  D'autant  plus  que  la  mise  en  service  elte-meme  est  une  etape  encore  loin- 
taine  au  moment  de  decider  le  lancement  du  projet. 

Cette  projection  dans  le  temps  est  le  propre  des  etudes  prospectlves . C'est  sur  lour  qualite  et  leur  exactitude 
que  repose  la  definition  des  missions  ou  plus  simplement  de  la  fagon  dont  on  se  servira  de  I'avion  (et  de  son  moteur)  quelques 
10  ans  plus  tard.  Sur  un  tel  intervalle  de  temps  la  politique  peut  evoluer  largement  et  les  pilotes  peuvent  inventer  de  nouvelles 
manoeuvres.  On  voit  que  la  prospective  doit  plonger  ses  rocines  trds  loin,  is  tous  les  niveaux  de  responsabiiite  et  ne  pas  se 
contenter  d'un  formalisme  theorique. 

D'une  fagon  plus  directe,  on  pourra  dire  que  le  moteur  optimal  est  celulqui  satisfait  son  utillsateur.  Pour  outant 
que  celui-oi  ne  se  montrera  pas  deraisonnable,  il  sera  trds  souvent  possible  de  le  satisfalre  effectivement,  is  la  condition 
essentielle  de  savoir  exactement  ce  qu'il  desire.  Une  information  rdclproque  sur  les  exigences  et  les  possibilit6s  doit  s'etablir, 
c'est  6 dire  un  dialogue,  coop6ratif,  entre  des  interlocuteurs  "valables" . Or  les  probldmes  de  communication  des  id6es  ne  sont 
pas  toujours  faciles  d rdsoudre  ; les  memes  mots  n'ont  pas  partout  le  mSme  sens.  Des  efforts  parti culiers  doivent  etre  faits  pour 
s'assurer  que  toute  I 'information  est  parvenue,  intacte,  d tous  les  endroits  ndcessaires  et  qu'elle  est  convenablement  exploitde. 

La  rdussite  dans  ce  domaine  repose  en  partie  sur  une  organisation  systematique  des  sorvices  concernds  (d'Etat  ou 
Industriels)  avec  des  sections  et  des  responsables  charges  de  veiller  d ('elaboration,  is  la  transmission  et  is  I'exploitation  de 
I 'information.  Une  mdthode  pr6cieuse  est  celle  des  reunions  largement  ouvertes.  A ce  titre  II  est  frappont  de  voir  le  nombre 
de  reunions  organisdes  par  les  Soci6t6s  savantes  amdricaines,  qui  provoquent  un  flot  de  communications  grace  auxquelles  on 
peut  prendre  connaissance  des  travaux  effectuds  dans  tout  le  pays.  La  publication  d'index  signaldtiques  trds  complets  y aide 
encore. 


C'est  ainsi  qu'il  est  trds  facile  d’avoir  les  noms  de  plusieurs  personnes  qui  travaillent  sur  un  sujet  auquel  on 
s'intdresse  et  de  les  consulter.  II  ne  nous  semble  pas  qu'une  telle  facilitd  se  retrouve  ailleurs.  Les  reunions  de  tout  type  organi- 
s6es  par  I'AGARD  entrent  dans  le  cadre  d'un  tel  effort  et  on  ne  peut  qu'espdrer  pour  elles  une  audience  toujours  plus  large. 

Un  autre  facteur  est  celui  des  motivations  qui  animent  tous  les  echelons  concernds.  On  peut  penser  par  exemple 
que  dans  un  contexte  de  concurrence  et  d'dmulation  de  meilleurs  efforts  seront  faits  pour  tendre  vers  une  rdussite  commerciale 
ou  nationale  . Faut— i I rappeler  ici  les  progrds  trds  rapides  de  la  technologic  en  temps  do  guerre? 

La  conception,  la  mise  au  point,  la  production  d'un  moteur  reprdsentent  une  grosse  affaire  industrlelle  qui 
reldve  done  des  mdthodes  modernes  de  gestion.  Celles-ci  comprennent  une  fois  d^  plus  une  organisation  adaptde  avec  en 
particulier  des  maftres-d 'oeuvres  munis  de  moyens  d'action  puissants  et  efficaces.  C'est  toute  la  structure  des  services  concernds 
qui  est  en  cause.  Au  minimum  on  exigero  la  continued  de  Taction  et  la  definition  des  responsabilitds. 

La  pierre  d'achoppement  des  grands  projets  est  le  ddpassement  des  previsions  finoncidres  . L'une  des  conditions 
pour  que  I 'optimum  recherche  puisse  etre  atteint  est  done  que  les  prdvlsions  inltlales  soient  rdalistes  sinon  exactes.  Pour  les 
dtablir  comme  pour  les  respecter  il  sera  bon  de  faire  appel  aux  mdthodes  plus  ou  moins  connues  et  appliqudes  telles  que  "design- 
to-cost"  , " life-cycle-cost''  , "approche-systdme",  "analyse  de  la  valeur"  , etc.... 

L 'organisation  et  les  mdthodes  qualifient  la  qualltd  de  I'effort,  mais  son  intensitd  est  aussi  un  poramdtre  important 
Cette  intensite  est  dvidemment  ddpendante  de  la  puissance  industrial  I « mise  6 contribution.  II  est  cloir  que  si  un  Etat  est  capa- 
ble de  mettre  au  point  simultandment  ou  presque  plusieurs  moddles  d’ovions  differents,  chaeun  d'eux  pourra  etre  specialise  et 
done,  comme  nous  I'avons  vu,  blen  optimise  . C'est  la  raison  pour  laquelle  des  projets  sont  obordds  en  cooperation  Internatio- 
nale. Les  assises  industrielles  sont  dors  plus  larges  et  plus  puissantes,  mais  II  en  rdsulte  bien  souvent  qu'on  veut  donner  au 
produit  un  caraetdre  plus  polyvalent  pour  satisfaire  le  nombre  accru  de  parties  prenantes  et  cela  a pour  effet  de  s'ecartcr  plus 
ou  moins  nottement  de  I 'optimum. 

II  faut  prendre  garde  que  I'intensitd  de  I ‘effort  accompli  s'apprdcie  sur  plusieurs  olans  : 

- par  le  niveou  du  financement  octroyd, 

- par  le  nombre  et  la  qualite  des  cerveaux  employes, 

- par  les  delais  accordds  pour  I'achdvement. 

On  ne  saurait  trop  insister  sur  la  qualite  du  travail  humain  . II  ne  s'agit  pas  seulement  des  trouvoilles  plus  ou 
moins  ponctuelles  grace  ouxquelles  il  serait  possible  de  praduire  avec  peu  de  moyens,  en  peu  de  temps  et  pour  un  foible  cout  un 
moteur  merveilleux.  Cela  ne  mdne  pas  trds  loin.  II  s'oglt  plutot  d'une  formation  de  base  et  d'une  politique  d'emplol  qui  condui- 
sent  au  travail  mdthodique  et  appliqud  des  personnels  compdtents  . Ceci  est  dvidemment  un  probldme  plus  general. 


De  mdme  quo  la  quallte  par  la  formation  est  une  affaire  permanente  et  de  longue  holetne,  le  niveau 
technologlque  dlsponible  rfesulfe  de  la  politique  mende  sur  plutleurt  ddcenntes.  Or  II  est  indispensable  de  mettre  b la 
disposition  des  concepteurs  les  meilleures  solutions  techniques  et  technologiques  . C'est  b dire  qu'on  ne  sauralt  pas  r6ollser 
un  moteur  optimise,  meme  si  on  peut  le  concevolr,  si  pendant  de  nombreuses  anndes  des  efforts  de  recherches  et  de  diveloppe- 
ment  exp<oratoire  n'ont  pas  dte  mends  syst6matiquement,  meme  sans  bien  savoir  6 quelle  mission  particulidre  ils  pourraient  etre 
utiles.  Un  effort  parolldle  d'dquipement  est  ndcessaire,  pour  assurer  une  mlse  ou  point  rapide  des  prototypes;  nous  pensons  en 
particulier  aux  moyens  d'essois , qu'il  s'agisse  d'investigotions  ou  niveau  des  matdriaux  ou  des  grandes  souffleries  capables  de 
traiter  un  ensemble  propulsif  complet. 

Deux  exemples  particuliers,  parmi  des  sujets  rdcemment  discutes  dans  les  Panels  de  I'AGARD,  illustrent  la 
ndcessitd  absolue  d'un  effort  de  recherches  et  d'dtudes,  souvent  arides  et  parfois  difficiles  b faire  apprdcier. 

a)  II  est  clair  que  le  moteur  satisfaisant  devra  presenter  un  rendement  elevd,  ou  du  moins  conforme  aux  provi- 
sions si  le  niveau  a dte  delibdrdment  choisi  en  fonction  d'autres  cr  it  feres.  L'une  des  conditions  est  que  les  catculs  d'Ocoulemenf 
internes  dans  les  turbomachines  que  le  corstructeur  est  capable  de  faire  pour  dessiner  les  aubages  soient  exacts ; moyennanf 
quoi  i)  lui  sera  possible  d'affiner  sa  conception  et  la  rOalitO  sera  6 la  hauteur  de  ses  espoirs.  Mais  le  chemin  est  long,  des 
Equations  de  la  mdcanique  6 un  programme  opdrationnel  . 

b)  Faisant  appel  oussi  6 des  considerations  parfois  trfes  thdoriques  et  scientifiques,  mais  encore  plus  dOpendante 
de  considerations  pratiques  est  la  technique  (pretqu'un  art)  de  I 'integration  d'un  moteur  6 un  avion  . Or  il  s'agit  let  d'un  ele- 
ment essentiel  de  la  reunite  d'un  projet  . " An  exceptional  aircraft  requires  a superior  engine  with  superior  integration  into  a 
superior  airframe  - A poor  engine  in  a good  airframe  yields  on  inferior  aircraft  - A good  engine  in  o poor  airframe  yields  a poor 
aircraft  - A good  engin  improperly  installed  in  a good  airframe  yields  an  inferior  aircraft  “(A,  E.  Fuhs  ref  3). 


CONCLUSION 


Le  tour  d'horizon  que  nous  avons  fait  est  encore  bien  incomplet  . De  nombreux  types  d'avions  militaires  (ADAV, 
avions  embarquds  . . . ) resteraient  b examiner  en  detail . Ndnamoins,  les  conclusions  quant  6 I 'optimisation  des  moteurs  restent 
les  memes. 

Dans  la  plupart  des  cas  une  optimisation  formelle  n'est  pas  possible  et  un  compromis  est  determine  par  les  facteurs 

suivants  : 

- vision  ciaire  de  la  situation  prisente  et  future  et  des  objectifs  poursuivis, 

- moyens  disponibles  permettant  ou  non  la  realisation  de  plusieurs  modules  diffdrents, 

- niveau  technologique  accessible  risultant  des  recherches  et  etudes, 

- organisation  capable  de  tirer  le  meilleur  parti  de  I'etat  de  fait. 

Quant  d la  gdom6trie  variable  c'est  d'abord  une  elevation  au  niveau  technique  qu'il  conviendralt  de  maftriser 
avanf  de  prdtendre  I'exploiter.  Le  diagramme  de  la  figure  10  resume  les  considerations  ddveloppdes  : 

- des  moteurs  specialises  atteignent  un  haul  niveau  de  rendement, 

- un  moteur  "tous  usages"  classique  reste  b un  niveau  plus  modeste  (ce  qui  n'empeche  d'ailleurs  pas  de  faire  de 
trfcs  bons  avions  ), 

- un  moteur  dote  d'une  “petite"  geometric  variable  (niveau  1 et  2)  permettrait  de  foire  mieux  et  sans  doute 
ussez  facilement  , 

- un  moteur  dote  de  la  “grande"  geometric  variable  (niveau  3)  devrait  permettre  un  rendement  moyen  et  finole- 
ment  avantageux  dans  plusieurs  cas  d'utilisation  trfes  different!,  mais  ii  s'agit  d'une  perspective  lointaine. 


Fig.  10  - Relation  efficociM  - Specialisation 


Revenant  au  rapprochement  avec  lei  ileveurt  que  nous  avont  otd  au  ddbut,  on  pourralt  dire  approx) mat! vement 
que  i!  la  technique  actuelle  nous  permet  de  faire  dei  moteurt  qui  ne  lont  pa*  del  “veaux",  un  certain  niveau  de  g6om6trie 
variable  permettrait  de  faire  del  “pur-iangs",  mail  que  nout  r.e  lommei  pal  prdi  de  tavoir  produire  del  "moufom  6 cinq  pattei" . 


En  conclution  finale,  noui  recommanderoni  que  t'initaurent,  Id  ou  ill  n'exlitent  pat  encore,  dei  travoux 
offectifi  thdoriquei  et  expdrimentaux  lur  : 

- I Evaluation,  ou  lem  dei  fonctioro  d'optimiiation,  del  caractdriitiquei  de  performance!,  d’emploi  et 
dconomlquei  del  tyit&mei  d 'armei  , 

- la  conception  et  la  miie  au  point  de  compoiant!  de  mofeun  d gdomdtrie  variable. 
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DISCUSSION 


N.F.Rekos 

( 1 ) You  mentioned  reconnaissance  and  long  range  subsonic  patrols  (ASW)  as  mission  requirements  using  turbofan 
engines.  Have  you  given  much  thought  to  high  speed  turboprop  engines  for  the  missions? 

(2)  You  mentioned  the  need  for  modem  test  facilities.  What  are  you  doing  ab-ut  obtaining  the  types  of  facilities 
needed  to  test  the  variable  geometry  engines  discussed  at  this  meeting  (SST,  VTOL,  Prop  Fan). 

Author's  Reply 

Les  avions  de  surveillance  maritime  sont  un  cas  ou  le  probleme  d'optimisation  est  soluble  car  it  s’agit  de  maximiser  le 
taux  de  presence  ou  la  duree  d’observation  d'un  point  determine,  si  vous  voulez,  et  les  contraintes  sont  d’emporter  le 
materiel  necessaire  a 1'observation,  et  a partir  de  ee  moment-la,  on  peut,  en  prenant  de.,  modeles  de  moteurs  et 
d’avions  existants  calculer  tres  facilement  le  taux  de  presence  pour  un  budget  global  donne. 

II  y a toujouis  une  solution  si  on  veut  faire  un  avion  qui  ait  une  tres  grande  autonomie,  il  y 3 toujours  une  solution 
avec  n’impole  quel  moteur;  ntais  le  cout  de  l’avion  peut  devenir  enonnt  parce  que  1’avion  est  tres  gros.  Je  crois 
que  e’est  un  cas  oil  la  caracteristique  dominante  e’est  l’economie  de  foncnonnement,  ou  tres  faiblc  consommation 
spccifique,  >.t  e'est  tellemci.t  dominant  que  l'on  peut  optimiser  sur  ce  paramctre-14.  Jc  n’entre  evidemment  pas  dans 
les  considerations  technique,  sur  la  rnethode  exacte  pour  obtenir  une  tres  laible  '.onsommation.  Je  ne  dis  pas  qu’il 
faut  fair,:  une  turbine  variable,  ou  prendre  une  helice.  Je  dis  qu’il  faut  prendre  le  moteur  qui  donne  la  plus  faiblc 
consolidation  spccifique  et  1 n nombre  d’avions  suffisant  dans  le  cadre  du  budget  alloue. 

En  ce  qui  concerne  les  tnoyem  d’essais  je  pense  qu’il  y a une  chose  qui  a diiji  etc  dite  ce  matin,  e’est  l’integration 
totale  du  probleme  du  moteur  ,-vec  celui  de  1’avion  - et  il  faut  absolument  etre  en  mesure  de  faire  des  essais  in- 
corporant  les  systemes  propulsil  i complets.  L’entree  d’air,  le  moteur,  la  tuyere,  et  peut-etre  dans  certains  cas,  un 
morceau  d’aile  ou  un  morceau  dt  fuselage  suivant  I’intilgration  du  moteur  et  de  la  cellule.  Alors  ceci  conduit  4 de 
tr4s  grandes  installations  d’essais.  ’I  y a aussi  certainement  besoin  de  certains  types  d’installations  d’essais  qui 
correspondent  inieux  aux  turbines  4 gc^rndtrie  variable,  ou  aux  compresseurs  avec  des  rotors  4 ealage  variable. 

M.Boud.gues 

Vous  avez  mentionne  les  der>!,ssoments  budgetaires  ou  le  manque  de  previsions  financieres,  ce  qui  laisserait  penser 
que  les  constructeurs.  cm  particulier  framjais,  ne  savent  pas  faire  ces  provisions.  Je  vous  signale  que  nous  en  avons 
toujours  faites  et  respe  ;tees. 

D’autre  part,  je  regrette  que  vous  n’ayez  pas  parle  de  la  difficulty  qu’il  y a pour  le  motoriste  4 obtenir  4 la  fois  un 
rendement  thermique  et  un  rendement  propulsif  satisfaisants. 

Author’s  Reply 

Je  dois  dire  que,  ce  n’est  pas  parce  que  je  m’exprime  en  franyais  que  j’ai  pris  tous  mes  exemples  parmi  les  seuls  con- 
structeurs franyais.  Au  contraire,  il  me  semble  assez  facile  de  trouver  des  cas  parmi  nos  amis  etrangers  oil  les 
prevision  n’ont  pas  toujours  peut-etre  ete  bien  respectees.  C’est  ce  que  j’appelle  s’ecarter  de  (’optimum,  parce  que 
l’optimum  e’est  de  rester  dans  ses  propres  previsions.  Je  ne  pense  pas  que  men  expose  ait  eu  1’intention  de  se  baser 
uniquement  sur  les  experiences  frangaises  qi  e je  suis  cense  mieux  connaltre  que  les  autres,  ce  qui  n’est  pas  prouve. 
Deuxieme  point  en  ce  qui  concerne  le  rendement  je  crois  que  dans  le  papier  precedent  il  y avait  justement  une  figure 
ou  l’on  voyait  qu’4  regime  reduit  le  rendement  propulsif  croit  et  le  rendement  thermique  decroit  et  il  en  resulte  une 
decroissauce  de  performance  globule.  Done  e’est  exactement  le  probkme  que  vous  venez  de  soulever  et  nous  avons 
essaye  de  penser  4 ga  en  disant  il  y a le  premier  niveau  de  geometric  variable  qui  s’addresse  justement  au  rendement 
done  4 I’uspect  thermique  et  le  deuxieme  niveau  qui  s’adresse  4 l’aspect  adaptation  au  regime  de  vol,  done  4 l’aspcct 
propulsif.  C’est  une  meilleure  expression  peut-vtre  de  ce  que  nous  avons  voulu  dire. 
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Summary; 

The  ef fectiveness  of  a multi-role  weapon  system  placee  new  demand*  not  only  on  the  aircraft 
but  also  on  the  powerplant.  When  these  demands  are  contrasted  with  the  typical  performance 
characteristics  of  current  engines,  it  is  logical  to  ask  for  a variable  cycle  engine. 

In  this  context,  therefore,  such  an  engine  concept  is  being  considered  which  combines 
the  advantages  of  the  reheated  turbojet,  i.e. 

- favourable  ratio  of  dry  thrust  to  thrust  with  reheat 

- favourable  fuel  consumption  with  reheat 

- excellent  handling  characteristics 

with  the  important  advantage  of  the  reheated  turbofan 

- favourable  dry  fuel  consumption. 

It  is  shown  to  what  extent  this  «im  can  be  achieved  by  a suitable  design,  including 
variable  geometry  in  several  components.  The  performance  data  of  this  engine  are  com- 
pared with  the  data  of  current  engines.  The  penalty  in  engine  weight  and  complexity 
compared  with  current  engines  as  well  as  the  development  problems  expected  are  discussed. 

The  results  indicate  that  the  performance  of  multi-role  combat  aircraft  could  be  im- 
proved by  the  installation  of  engines  of  the  described  concept  provided  the  unavoidable 
weight  penalty  of  such  an  engine  remains  within  acceptable  limits. 

Introduction 


Development  work  on  advanced  reheated  engines  for  combat  aircraft  has  not  only  led  to 
enormous  technical  progress  in  the  last  two  decades  but  also  to  considerable  specialisation. 

Even  if  such  engines  have  comparable  thrust/weight  ratios,  turbine  entry  temperatures  and 
overall  pressure  ratios,  this  specialisation  is  characterized  by  the  wide  range  of  bypass 
ratios,  which  now  stretches  from  0.25  to  about  2.0.  The  specialisation  results  from  the 
matching  of  the  engine  to  various  aircraft  and  missions, for  which  engine  performance  data 
and  operating  characteristics  with  due  regard  to  installation  effects  serve  as  the  criteria. 

The  soaring  development  and  production  costs  involved  in  future  weapon  systems  entail  a 
trend  to  a diminishing  number  of  available  units.  It  also  becomes  more  compelling  to  manage 
with  as  few  complementary  aircraft  types  aa  possible,  employing  them  flexibly  with  high 
effectiveness.  When  modern  combat  aircraft  are  used  on  flexible  missions,  their  effectiveness 
has  to  he  compared  with  that  of  aircraft  designed  specially  for  specific  missions.  This  com- 
parison has  to  be  made  both  airframe-wise  and  engine-wise.  Engine-wise,  it  seems  logical  in 
this  context  to  aim  at  combining  the  advantages  of  engines  with  low  and  high  bypass  ratios. 

This  raises  at  once  the  question  of  engines  with  s variable  thermodynamic  cycle,  i.e.,  variable 
geometry  of  the  components. 

Even  if,  in  future,  aircraft  tailored  for  special  missions  are  given  preference % the  require- 
ment for  engines  with  greater  flexibility  than  at  present  remains  relevant.  This  is  understandable, 
as  substantial  demands  have  to  be  made  on  the  flexibility  of  engines  for  combat  aircraft,  which 
operate  in  the  eubsonic  to  the  supersonic  rang*  without  and/or  with  reheat. 

An  experimental  programme  (i,  2]*  being  carried  out  on  behalf  of  the  U.S.  Air  Force  is  partly 
focused  on  the  increase  in  engine  flexibility,  a*  indicated  above,  through  the  introduction 
of  variable-geometry  components. 

It  should  also  be  mentioned  that  considerable  efforts  are  being  made  in  the  U.S. A.,  with  respect 
to  future  supersonic  commercial  aircraft  as  well,  in  order  to  comply  with  requirements  on  the 
powerplant  regarding  economy  in  the  supersonic  and  subtonic  range  and  low  ecological  impact. 

Within  the  framework  of  the  programme  [5,  4,  53  being  eerried  out  by  NASA  together  with  the  U.S. 
aircraft  industry  for  this  purpose,  tngia*  concepts  with  partly  novel  flow  paths  sad  layouts  of 
tho  eomponento,  intor  olio,  are  being  investigated  (6,  7,  S,  9,  10  3 . 


* The  investigation  was  sponsored  by  the  Ministry  of  Defence  of  the  Federal  Republic  of 
Germany,  STL  No-  MTU  1.15-1  end  MTU  4.1 J-1 

* Number*  in  square  brocket*  refer  to  references  at  th*  sad  of  the  tout 
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Against  this  background,  an  investigation  was  nads,  within  the  fra se work  of  the  present 
study,  of  the  extent  to  which  the  called-for  flexibility  in  performance  and  operating 
characteristics  of  engines  for  modern  combat  aircraft  can  be  implemented  in  a single 
engine  concept.  From  the  point  of  view  of  performance!  an  endeavour  was  made  to  combine 
the  advantages  of  the  reheated  turbojet 

- good  specific  fuel  consumption  with  reheat 

- high  dry  thrust  relative  to  thrust  with  reheat 

with  the  important  advantage  of  the  reheated  turbofan 

- good  dry  specific  fuel  consumption. 

Furthermore,  an  effort  was  made  to  implement  the  well  known  advantage  of  the  reheated 
turbojet  compared  with  the  reheated  turbofan 

- superior  operating  stability  and  handling  qualities  In  connection  with  the 
afterburner. 

Attention  was  also  paid  to 

- favourable  mass  flow  characteristic  with  regard  to  the  intake 

- good  compatibility  with  inlet  distortions 

- optimum  flow  conditions  around  the  aircraft  afterbody  to  reduce  afterbody  drag* 

Lastly,  the  aim  was  to  meet  the  requirements  while  keeping  the  engine  to 

- acceptable  weight  and 

- manageable  complexity,  espeoially  of  the  control  system. 

Variable  cycle  engine  concepts 

The  engine  concepts  initially  considered  are  shown  schematically  in  Fig.  (l)  . In  each 
case  - as  an  arbitrary  example  - the  turbomachines  are  sketched  as  a three-shaft 
arrangement.  With  this,  however,  the  shaft  arrangement  to  be  chosen  later  on  for  a 
»psiific  case  is  not  anticipated. 

Concept  I is  a mixed  flow  turbofan  in  line  with  the  current  engine  generation,  the 
characteristics  of  which, as  a function  of  the  bypass  ratio,  are  known.  Owing  to  the 
mixing  of  the  two  flows,  there  is, depending  on  the  flight  condition,  a specific 
relation  between  mass  flow  and  thrust  which  can  be  Influenced  only  slightly  by 
changing  the  setting  of  the  nozzle.  The  compressor  stability  can  ba  increased  by 
oponing  the  bleed  off-take  downstream  of  the  IF-coopreeaor,  which  may  be  desirable  in 
critical  flight  conditions. 

This  concept  was  used  as  a point  of  departure  and  basis  of  comparison  for  the  other 
concepts  to  be  diacuaaed. 

Concept  IX  differa  from  I only  in  the  variable  LP-turbina.  This  allows  the  bypaaa  retio 
to  be  varied  to  a limit'd  extent  and  consequently  a degree  of  flexibility  in  the  dry 
and  reheated  performance  to  be  obtained  [11]  . Apert  from  the  increase  in  the  stability 
of  the  IP-compreoeor  possible  through  the  bleed  off-take  as  in  concept  I,  in  this  case 
the  stability  of  the  IP-compressor  can  he  further  improved  by  changing  the  setting  of 
the  LP-turbine.  Reference  ia  made  also  to  this  point  in  [12]  . The  three-shaft  arrange- 
ment has  an  advantage  over  the  two-ahaft  arrangement  in  this  east,  in  that  the  speed 
of  the  HP-system  is  virtually  unaffected  when  the  setting  of  the  LP-turbine  ia  changed 
(Cf.  C 11,  12,  1J  ] ). 

Due  to  the  variation  of  the  bypass  ratio,  problems  could  arias,  on  the  one  hand,  with  the 
flow  between  fan  exit  and  Ir-compressor  entry.  It  remains  an  open  question  whether,  on  the 
other  hand,  a variable  splitter  is  sufficiently  justified,  in  view  of  the  limited  rsage 
in  whleh  the  bypass  ratio  can  be  varied. 

Concept  III  allows,  by  the  use  of  separate  nosslea  for  the  primary  end  duct  flown,  a 
considerable  variation  of  the  bypass  ratio  when  the  settings  of  the  IP-  and  LP-turbines 
and  of  the  primary  and  duct  nosslea  are  changed.  At  the  same  time,  much  more  freedom  is 
obtained  in  arranging  a desirable  relation  between  thrust  and  engine  mass  flow  then  in 
the  case  of  concept  II.  With  a view  to  the  stability  of  the  fan  and  the  IP-eompreeeor 
behind  it,  the  wide  range  in  variation  of  the  bypass  ratio  makes  * splitter  with  variable 
geometry  seem  indispensable,  at  lease  for  the  time  being. 

The  separation  of  the  primary  and  duct  flows  with  no  provieios  fer  duet  burning  eliminates, 
on  the  one  hand,  the  problem  of  fan, 'afterburner  interaction.  This  problem  is  increasingly 
evident  in  mixed  flow  turbofans  with  higher  bypass  ratio.  On  the  other  hand,  it  requires 
special  routing  of  the  afterburner  cooling  air.  This  portion  of  the  mass  flow,  which  is  s 
considerable  percentage  in  modern  engines,  is  taken  off  substantially  throttled,  i.e.,  in 
such  a manner  that  any  immediate  afterburner  reaction  on  the  compressor  section  is  definitely 
prevented.  Without  reheat,  the  eooling  air  off-tske  is  shut  down.  This  requires  sn  epproprist# 
change  in  the  settings  of  the  IP-  and  LP-turbines  end  of  the  primary  snd  duct  bossies.  What 
is  important  is  that  the  dP-ayotem , ia  particular  the  hP- turbine,  caa  he  de sigasd  with  fixed 
geometry. 


When  there  are  inlet  distortions,  the  duct  nozzle  can  he  opened  to  inoreaae  the  stability 
of  the  fan  without  having  unfavourable  reperousaione  on  the  turboaachinea,  aa  would  be  the 
caae  with  concept a I and  II. 

Aa  the  primary  nozzle  la  enveloped  by  the  duct  flow,  the  afterbody  flow  separation  which 
is  virtually  Inevitable  in  dry  operation  in  the  caae  of  engines  based  on  concepts  I and 
II  can  be  avoided. 

Concept  IV  makes  it  possible,  through  simultaneous  changing  of  the  settings  of  the  turbinea 
ami  of  the  nozzle,  to  change  the  thrust  by  varying  the  turbine  entry  temperature,  while 
maintaining  high  engine  mass  flow  and  high  overall  pressure  ratio.  As  a result,  at  dry 
partload, specific  fuel  consumptions  can  be  obtained  which  come  close  to  those  of  turbofans. 

In  this  case,  too,  the  afterburner  cooling  sir  Dust  be  taken  off  and  throttled  as  in  concept 
III.  This  concept  is  extremely  advantageous  for  matching  the  engine  Bass  flow  to  the  intake 
capacity. 

The  configuration  of  the  aircraft  afterbody  is  Just  the  aame  as  for  concepts  I and  II.  At 
dry  partload,  however,  the  nozzle  area  is  larger  than  for  the  turbofan,  which  rtducea  tha 
tendency  to  afterbody  flew  separation  at  subsonic  cruise  flight. 

This  concept  is  familiar  in  principle  from  publications  C lb,  153  • 

Selection  of  engines  considered 

To  enable  a fair  assessment  of  various  engine  concepts  which  are  in  existence  or  conceivable 
for  the  future,  it  is  intended,  within  the  framework  of  this  study,  to  compare  th»m  on  the 
basis  of  the  currently  available  status  of  component  technology.  Logically,  therefore,  the 
per  se  attractive  concept  IV  was  not  included,  as  the  variable  HP-turbine  presupposes  a very 
advanced  standard  of  turbine  technology,  which  surely  muat  be  considered  as  unavailable  for 
some  time  to  come.  Though  concept  II  promises  an  increase  in  performance  flexibility,  it 
was  also  not  included  in  the  present  study,  because  it  offers  no  decisive  progress  in 
operating  stability  and  handling  qualities. 

Thuo,  the  study  was  restricted  to  a comparison  of  concept  I,  representing  the  current  engine 
generation,  with  the  concept  III  variable  cycle  engine*.  Two  versions  with  bypass  ratios  of 
0.25  and  1.3  (current  engines  C 0.25  and  C 1.3)  were  considered  in  the  process  for  concept  1'. 
The  bypass  ratio  0.25  corresponds  to  the  minimum  duct  flow  required  for  afterburner  ami  nozzle 
cooling.  Fig.  @ gives  the  main  design  parameters  of  the  ongines  compared.  Consistent 
assumptions  were  made  about  the  component  efficiencies  and  pressure  losses,  etc.,  taking  into 
consideration  the  variable  geometry  of  the  turbinea. 

In  the  case  of  the  conventional  engines,  as  they  are  mixed  flow  engines,  the  fan  pressure 
ratio  is  fixed  by  selection  of  turbine  entry  temperature,  overall  pressure  ratio  and 
bypass  rs.tio.  For  the  C 0.25  engine,  which  has  a high  fan  pressure  ratio  and  subsequently 
a moderate  core  pressure  ratio,  a two-ahaft  arrangement  was  chosen.  For  the  C 1.3  engine 
with  its  lower  fan  pressure  ratio,  a three-shaft  arrangement  waa  selected. 

In  the  case  of  the  VCE,  which  is  an  unmixed  flow  engine,  there  is  a degree  of  freedom 
about  the  fan  pressure  ratio.  Variation  of  the  fan  pressure  ratio  in  the  range  FPH  = 1 ,8  - 
3.6  showed  that  a relatively  low  pressure  ratio  FPH  = 1.95,  which  can  be  managed  witn  a 
two  stage  fan,  gives  favourable  performance  both  in  dry  (especially  dry  partload)  and 
reheated  operation.  The  substantial  throttling  of  the  afterburner  cooling  air,  introduced 
to  avoid  fan/afterburner  Interaction,  leads  to  • loss  in  thruat  of  about  1.5  % in  operation 
with  reheat.  In  dry  operation,  dropping  the  mixing  of  the  primary  and  duct  flowa  worsene 
the  epecific  thruat  and  specific  fuel  consumption  in  the  ease  order  of  magnitude.  In  view 
of  the  low  fan  preaaure  ratio,  a three-shaft  arrangement  wae  preferred.  At  the  same  time, 
thie  arrangement  leads  to  an  afterburner  cooling  air  off-take  at  suitable  pressure  level 
situated  between  IP-  and  KP-compreeeor. 

Fig.  (?)  shows  the  general  arrangements  of  the  VCE  and  the  C 1.3  engine  of  equivalent 
thruat  at  design  point.  Whereas  the  C 1.3  engine  requires  only  <t  control  variables,  the 
VCE  has  8 control  variables.  The  VCL  ia  conaiderably  heavier  than  the  C 1.3  engine.  The 
excess  engine  weight  of  the  VCE  ia  partly  the  reeult  of  the  concept,  i.e.,  a certain 
inevitable  extra  weight  derives  from  the  additional  outer  engine  eating,  the  variable 
eplttter  with  its  actuation  system,  the  actuation  system  for  the  variable  IP-  and  LP- 
turbines,  the  heavier  nossle  system  and  the  substantially  more  complicated  control  system. 

A further  cause  Jloe  the  exeeaa  weight  of  the  VCE  is  given  by  the  ehoeen  eycle.  As  can  be 

seen  from  Fig.  (b),  the  epeeific  thruat  with  reheat  of  the  VCE  at  the  selected  bypass  ratio 

of  O.J1*  ia  lower  than  in  the  caae  of  the  C 0.25  and  C 1.3  engines,  because  reheat  is 
restricted  to  the  primary  flow.  A higher  apeeifie  thrust  comparable  with  the  specific  thrusts 
of  the  C 0.25  and  C 1.3  engines  can  be  obtained  froa  the  VCE,  if  the  bypass  ratio  with  reheat 
is  brought  down  near  to  aero.  In  this  way,  leading  dimensions  and  weights  of  the  turbo- 
machinery  and  the  afterburner  comparable  with  those  of  the  C 0.25  engine  sre  obtained  for 
the  VCE.  Froa  other  considerations  it  can  be  expected  that,  due  to  the  flexibility  of  the 
VCE  concept,  the  worsening  of  the  cruise  apeeifie  fuel  consumption  originally  feared,  will 
be  only  slight  is  the  case  of  this  sodified  design. 

In  spite  of  thie  possibility  of  improvement,  the  VCE  was  eospared  with  the  00.25  c '•) 

engines  in  the  present  study  on  the  basis  of  the  deeiga  parameter#  ia  Fig.  Qj  . 


‘later  called  VCE  for  the  sake  of  simplicity 


Operating  characteristics  and  performance 


The  same  maximum  turbine  entry  temperature  and  reheat  temperature  schedules  were  taken 
for  all  engines,  as  a function  of  flight  altitude  and  Mach  number,  in  line  with  the 
state  of  the  art  currently  feasible  with  regard  to  cooling  and  stressing.  For  the  same 
reasons,  in  spite  of  the  given  flexibility,  the  fan  speed  and  the  overall  pressure  ratio 
characteristics  of  the  VCE  were  limited  to  those  figures  which  automatically  result  from 
tho  turbine  entry  temperature  schedule  in  the  case  of  the  C 0.25  and  C 1.3  engines. 

On  this  basis,  for  maximum  dry  and  reheat  thrust  the  other  available  control  variables 
of  the  VCE  (mass  flow  capacities  of  the  IF-  and  LP-turbinea  and  of  the  primary  and  duct 
nozzles)  were  set  so  that  all  three  compressors  are  working  under  all  flight  conditions 
on  their  optimum  running  lines.  At  dry  partload,  in  the  case  of  the  VCE,  the  cycle  para- 
meters turbine  entry  temperature,  overall  pressure  ratio,  fan  pressure  ratio  and  bypass 
ratio  were  fixed  by  means  of  appropriate  setting  of  the  control  variables  just  mentioned 
so  that  with  optimum  working  lines  in  the  three  compressors  minimum  specific  fuel  con- 
sumptions are  obtained. 

Cycle  and  component  data 

Fig.  (5a)  shows,  for  dry  partload,  turbine  entry  temperature  and  overall  pressure  ratio 
as  a function  i?f  thrust,  the  behaviour  of  the  compared  engines  being  practically  the 
same.  Fig.  (5b)  shows  the  associated  characteristics  for  engine  mass  flow,  bypass  ratio 
and  nozzle  pressure  related  to  engine  entry  pressure.  The  relatively  high  engine  mass 
flow  maintained  by  the  VCE  at  partload,  i.e.,  particular' y under  cruise  conditions,  is 
favourable  with  respect  to  engine/intake  matching.  The  oypass-ratio  plot  shows  that  the 
VCE  comes  closer  to  the  C 0.25  engine  in  the  range  of  high  thrust  but  is  more  like  the 
C 1.5  engine  at  low  thrust.  This  is  roughly  what  was  expected.  The  pressure  in  the  duct 
nozzle  reflects  the  fan  pressure  ratio  and  thus  the  fan  mass  flow  characteristic,  as  the 
fan  operates  on  a specified  working  line.  However,  there  is  a relatively  big  pressure 
drop  in  the  primary  nozzlo  as  thrust  decreases,  as  the  fan  draws  off  sore  and 
more  specific  work  from  the  primary  flow  due  to  the  increasing  bypass  ratio. 

Owing  to  the  high  pressure  level  in  the  afterburner  at  maximum  thrust,  a similarly 
favourable  afterburner  blow-out  ceiling  can  be  reckoned  with  for  the  VCE  as  in  the  case 
of  the  C 0.25  engine. 

The  optimisation  of  the  cycle  parameters  shown  at  dry  partload  was  done  first  for  the 
uninstalled  engine  for  a variety  of  reasons.  The  selected  control  characteristic  for 
the  LP-turbins  ia  anticipated  to  have  a big  influenca  on  the  optimum  engine  mean 
flow  characterietic.  When  the  inetalled  engine  behaviour  la  optimized,  the  shifting  of 
the  control  characterietic  of  the  LP-turbine  makea  it  possible  to  obtain  an  engine  masa 
flow  characteristic  which  corresponds  to  an  optimum  engine/intake  matching  in  terms  of 
minimum  installed  specific  fuel  consumption. 

The  maes  flow  capacities  at  the  IP-  end  LP-turbinee  required  at  max.  dry  and  max.  reheat 
thrust  are  shown  in  Fig.  (Q  as  a function  of  the  flight  altitude  and  flight  Mach  number 
The  required  capacities  orooth  turbinea  for  the  important  cruise  condition  SL/MN  = 0.6 
are  also  shown  on  this  figure.  The  mass  flow  capacity  characteristics  for  max.  dry  and 
max.  reheat  thrust  can  be  reduced  basically  to  a pure  function  of  the  ratio  of  turbine 
entry  temperature  to  engine  entry  temperature.  However,  the  changing  of  the  settings  of 
the  turbines  for  dry  portload  ia  more  complicated.  Initially  the  turbine  flow  capacities 
tend  to  increase  with  decreasing  thrust,  reaching  a maximum  and  then  falling  below  the 
original  level  when  thrust  is  decreased  still  further.  Admittedly,  the  settings  of  both 
turbines  can  presumably  be  changed  affinely.  In  the  case  of  the  LP-turbine,  the  required 
range  of  mass  flow  capacity  ie  considerable. 

In  Fig.  (?)  the  required  ranges  of  mass  flow  capacity  for  IP-  and  LP-turbinee  under 
various  running  conditions  are  contrasted  with  the  ehanget  in  the  nozzle  guide  vane 
throat  areas  required  and  the  efficiency  characteristic  to  b,  expected  according  to 
available  experimental  data  (Cf.  [ 1J,  16,  t?]  ).  Tangible  losses  in  efficiency  are 
inevitable  in  the  ease  of  the  LP-turbine  et  max.  reheat  thrust,  if  good  LP-turbine 
efficiency  is  aimed  at  for  dry  partload  operation  to  obtain  favourable  cruise  specific 
fuel  consumption.  It  remains  to  be  mentioned  that,  owing  to  the  required  wide  setting 
range  of  the  LP-turbine,  the  change  in  the  flow  direction  relative  to  the  axial  di- 
rection at  the  LP-turbine  exit  will  be  ia  the  region  of  * 10°. 

Analogously  to  the  ease  flow  eapaeitiee  of  the  turbines,  Fig.  (3)  shove  the  rangeo 
of  primary  and  duct  nozzle  throat  areaa.  The  arose  of  both  nozzles  must  be  variable 
roughly  U « it)  ratio.  Similarly  to  the  case  of  the  turbines,  the  changing  of  the 
settings  of  the  nozzles  for  max.  dry  and  sax.  reheat  for  all  flight  conditions  and 
engine  running  conditions  can  be  managed  as  a pure  function  of  the  ratio  of  turbine 
ertcy  temperature  to  engine  entry  temperature.  Also  at  dry  partload  the  eituatien  is 
similar  to  that  for  the  turbinea,  i.e.,  es  thrust  drops  the  nozzle  ereaa  first  in- 
crease and  then  decrease  as  thrust  drops  still  further.  The  analysis  of  these  nozzle 
control  characteristics  shows  that  the  relation  between  the  areas  of  the  two  nozzles 
can  be  represented,  with  good  approximation,  by  a unique  function. 

The  setting  of  the  splitter  between  fen  end  IP-eoapreeeor  - see  Fig.  Q)  - depends 
on  whatever  bypass  ratio  is  obtained  from  the  other  control  vari*blea.‘‘Ae  the 
splitter  nose  ie  in  the  innermost  position  et  dry  partload  due  to  the  high  bypass 


ratio,  • diffusor  is  established  in  this  csss  hstwesn  the  'an  and  the  IP- compressor.  The 
area  ratio  of  the  diffusor  seems  acceptable,  especially  as  the  IP-compressor-  counters 
tendencies  to  flow  separation  at  the  hub. 

On  tfc«  basis  of  the  control  characteristics  for  the  turbines  and  nozzles  shown  in  Fig. 
to  QH  , the  working  points  obtained  under  all  engine  running  and  flight  conditions  for 
three  compressors,  as  shown  in  Fig.  (jn  , are  in  the  region  of  optimun  efficiencies  and 
desirable  surge  margins.  It  should  be  noted  that  the  three  coapreeeora  do  not  reach  their 
aerodynamic  design  speeds  at  the  ease  time. 

- At  SLS  reheat  operation,  the  fan  and  IP-compressor  reach  their  design  speeds  together, 
while  the  HP-compressor  is  running  at  reduced  speed.  This  is  necessary  in  order  to 
match  the  mass  flows  to  be  swallowed  by  the  IP*  and  HP-compressor  with  the  bleed  off- 
take for  the  afterburner  cooling  open  and  at  the  aame  time  to  keep  the  overall  pressure 
ratio  within  acceptable  limits. 

- At  max.  dry  operation,  the  speed  of  the  IP-compreasor  is  lower  and  that  of  the  HP-compressor 
high,  in  order  to  match  the  mass  flows  to  be  swallowed  by  the  two  compressors  with  the 
afterburner  cooling  sir  shut  down. 

At  this  point,  it  la  emphasized  that  specifically  in  the  case  of  the  VCE,  i.e.,  going  beyond 
the  possibilities  of  the  C 0.25  snd/or  C 1.5  engines,  the  following  control  measures  to  improve 
the  compatibility  of  the  compressor  section  with  inlet  distortions  are  possible » 

- The  working  line  of  the  fan  can  be  shifted  away  from  the  surge  line  without  unfavourable 
repercussions  on  tho  turbomachines  by  opening  the  duct  nozzle; 

- the  working  line  of  the  X?-co«preasor  can  be  shifted  sway  from  the  surge  line  by  closing 
the  LP-turbine. 

In  addition,  it  can  be  expected  that  good  acceleration  times  can  be  obtained  from  the  VCE 
( Cf.  1 18  ]). 

Performance  data 

Fig.  0 shows  the  max.  reheat  thrusts  and  the  associated  specific  fuel  consumptions. 

Both  the  VCE  and  the  C 0.25  engine  have  a flatter  thruet  characteristic  with 
reheat  than  the  C 1.3  engine,  due  to  their  low  bypass  ratio.  In  addition,  at  high 
Mach  numbers  the  VCE  turned  out  to  have  a progressively  falling-off  thrbat  characteristic, 
which  does  not  appear  attractive.  In  principle,  this  disadvantage  could  be  largely  eliminated 
by  duct  burning  with  a moderate  temperature  increase  to  1000  K.  heaving  aside  the  con- 
siderable complication  involved,  however,  the  deliberately  introduced  physical  separation 
of  afterburner  and  compressor  section  would  be  lost.  For  this  reason,  owing  to  the  demands 
made  on  handling  qualities  of  the  engine,  this  version  does  not  seem  attractive. 

The  deeign  modification  of  the  VCE  substantiated  earlier  to  obtain  a vary  low  bypass  ratio 
in  reheat  operation  - which  ia  also  attractiva  from  the  point  of  view  of  engine  weight  and 
leading  dimensions  - allows  a quite  satisfactory  thrust  characteristic  similar  to  that  of 
the  C 0.25  engine  to  be  obtained. 

Aa  expected,  the  epecific  fuel  consumptions  of  the  VCE  and  of  the  C 0.25  engine  with  reheet 
are  much  better  than  that  of  the  C 1.5  engine  due  to  their  low  bypass  retioa. 

Fig.  © snows  the  max.  dry  thrusts  and  associated  specific  fuel  consumptions,  from  which 
tho  familiar  relation  between  performance  data  and  bypass  ratio  can  be  seen.  As  expected, 
the  VCE  cornea  close  to  the  C 0*25  engine. 


Two  examples  of  engine  performance  at  dry  end  reheated  pertload  are  shown  in  Fig.  (12J  . 

The  transition  accomplished  by  the  VCE  from  the  C 0.25  engine  characteristic  at  reheat 
and  max.  dry  operation  to  the  C 1,5  engine  characteristic  at  dry  partload  la  evident. 

Development  problems 

In  line  with  the  assumption  that  available  component  technology  should  be  the  starting  ?oint 
wherever  possible,  no  outstanding  dsvelopmeot  probless  with  the  VCE  going  beyond  those  of 
current  engines  ere  to  be  expected,  aa  fer  aa  the  baeie  engine  is  concerned.  However, 
the  variable  noszle  guide  vanes  of  the  cooled  IP-turbine  can  certainly  be  considered  the 
critical  element,  whereas  the  conditions  are  much  better  ia  the  eeee  of  the  variable 
aosele  guide  vanes  for  the  LF-turbiae.  Furthermore,  the  development  problems  to  be 
expected  on  the  control  system  suet  net  be  underestimated,  particularly  ae  8 control 
variables  have  to  be  ssstered.  A control  systes  managing  the  celled-for  flexibility 
of  the  engine  ia  the  presence  of  inlet  distortions  is  also  liksly  to  require  special, 
efforts. 


Inatallmti£R_^n£U»eflee£ 

As  shews  in  Fig.  © , the  VCE  will  swells'-  up  to  89  % of  ths  serious  seas  flew  under 
typical  cruise  conditions  at  sea  level,  whereas  only  60  - 70  % can  be  achieved  with 
the  C 0.2$  end  C 1.5  engines.  A substantially  smeller  intake  epillege  dreg  is  there- 
fore to  be  expected  free  the  VCE  under  these  conditions.  Tho  resultant  increase  in 
specific  fuel  consuspties  due  to  installation  affects  is  i - 2 % lower  for  tho  VCE 
than  for  the  C 0.23  end  C 1.3  engines  (Cf.  ( 16,  19*  20 ) ). 


Hegardlng  ex treme  power  end  bleed  off-take  fro*  the  HP-aystem,  for  lnatence,  in  an 
emergency  case  with  one  engine  failed,  high  power  can  be  obtained  in  the  H^-syatea 
of  the  remaining  engine  by  setting  the  configuration  of  the  VCE  - i.e.,  the  geometry 
of  the  variable  components  - for  max.  dry  thruat.  In  this  way,  power  and  bleed  off* 
take  can  be  expected  to  have  minimum  effects  on  the  engine  perforaance. 

Owing  to  the  priaary  nozzle  of  the  VCE  being  enveloped  by_the  duct  flow,  the  after* 
body  flow  conditions  are  favourable,  aa  shown  in  Fig.  (m  . Aa  a result,  the 
generally  inevitable  flow  separation  and  corresponding  increased  drag  in  aubaonic 
and  tranoconic  flight  without  reheat  associated  with  afterbodiea  of  conventional 
configuration  can  be  avoided.  However,  a degree  of  extra  friction  drag  is  generated 
by  the  duct  flow.  Admittedly,  the  expected  drop  in  the  resulting  afterbody  drag  can 
only  be  verified  experimentally  (Cf.  [19,  21,  22,}  ). 

Engine  Evaluation 

A first  rough  comparative  evaluation  of  the  three  engines  under  consideration  was 
made  on  the  basis  of  an  imaginary  multi-role  combat  aircraft  for  the  missions 
"Interception",  "Air  Superiority"  and  "Battlefield  Interdiction/Cloae  Air  Support". 

The  mission  breakdowns  are  given  in  Fig.  (vt) . For  the  three  alternative  engines 
compared,  the  weight  of  engine  ♦ fuel  and  {hus  the  take-off  gross  weight  were  taken 
to  bv  the  same,  each  mission  being  a special  case.  As  a basis  of  comparison,  which 
is  in  principle  arbitrary,  it  wae  also  assumed  that  the  miaaion  phases  marked  with 
arrows  in  Fig.  Qu)  can  be  achieved  by  engine  C 1.3  with  the  called- for  ranges. 

Due  to  the  different  thruat  characteristics  of  the  three  alternative  engines,  their 
required  sizes  are  fixed  by  different  mission  phases  (Cf.  Fig.  fih)  ).  Thus,  the 
available  reheat  thrusts  of  these  engines  at  the  design  point  SL/fiN  ■ 0,8/ISA 
difi.r  somewhat  as  shown  in  Fig.  Q?)  . In  order  to  emphasize  the  decisive  role  of 
the  excess  weight  of  the  VCE,  the  tnrust/weight  ratio  of  this  engine  was  introduced 
parametric*! iy.  The  C 0.23  and  C 1.3  engines  w era  assumed  to  be  specifically  equally 
heavy  in  line  with  the  current  state  of  the  art. 

The  lower  afterbody  drag  expected  from  the  VCE  was  not  taken  into  consideration,  i.e., 
the  afterbody  drag  was  taken  to  be  the  same  for  all  three  alternative  engines 
installed.  Even  for  the  two  engines  C 0.23  and  C 1.3,  this  la  certainly  quite  a 
simplification. 

Fig.  shows  the  ranges,  aa  defined  differently  for  each  of  tho  three  siaaions, 
achievable  with  the  alternative  engines.  If  the  VCE  could  be  built  to  have  the  aame 
specific  weight  aa  the  conventional  C 0.23  and  C 1.3  engines,  it  would  be  at  least 
a<  good  as  the  two  latter,  or  superior  to  them,  depending  on  the  bisaion.  However, 
the  equality  or  auperiority  of  the  VCE  in  all  missions  is  questionable,  aa  soon  as 
it  has  a slight  extra  weight  of  10  %. 

Naturally,  Fig,  ^5)  covers  only  part  of  tha  evaluation  which  has  to  ba  carried  out, 
especially  aa  important  evaluation  criteria  such  as  "turn  rata"  and  "specific  exceesiv* 
power"  must  also  be  inoluded.  Last  not  least. aspects  relsting  to  opersting  stability  and 
handling  qualities  should  not  be  underestimated. 

Conclusions 


The  present  data  are  certainly  still  not  adequate  for  a binding  evaluation  of  tha  VCE 
concept  described.  Nevertheless,  for  a start  the  following  provisional  conclusions  can 
be  drawn i 

* The  aioed-at  combination  of  the  performance  advantages  of  tha  turbojet  and 
of  the  turbofen  with  and  without  reheat  seems  featible. 

- The  improvement  concerning  opersting  stability  and  handling  qualities  in 
connection  with  the  afterburner  compared  with  current  reheated  turbo fane  was 
only  established  qualitatively  but  it  potentially  feasible. 

• As  a aide  effect,  progress  in  compatibility  with  inlet  distortions  css  be  expected 
compared  with  current  engines. 

- The  ccmplexitv  to  be  expected  la  the  VCE  control  system  is  considerable,  but  is 
likely  to  *e  manageable. 

- The  VCE  described  does  not  ye*,  meet  weight  requirement#.  Aa  improvement  can 
be  expected,  if  the  engine  is  modified  to  ob*.ein  a minimus  bypass  ratio  with 
reheat.  A positive  clarification  of  tho  weight  problem  ie  of  decisive  importance. 
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Vorioble  Cycle  Mixed  Flow  Turbofan 
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Variable  Cycle  Unmixed  Flow  Turbofan 
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Variable  Cycle  Turbo  Jet 
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Derivation  of  VOE-Concepts 
(3-Shaft  Arrangements) 


3L/MN  = 0 , 8/1  SA/Unins  tailed 

Max.  EH  ( Max.  Dry  ) 

Fan  Mas3flow 
Eumber  of  Shafts 
Turbine  Entry  Temperature 
Hehoat  Temperature 
Bypass  Hatio  = 

AB-Cooiing  Air  Eatio 
Overall  Pressure  Ratio 
Fan  Pressure  Ratio 
irC-Pressure  Ratio 
IIPC-Pres3ure  Ratio 

Throttle  Ratio  of  I 

AB-Oooling  Air 


Mc/MILpC 


Variable  Cycle 
Engine 


80  (A3, 6) 
102 
3 


Current  Engines 
(Mixed  Flotv) 


C 0,23 

80  (42,7) 
81 
2 

- 1600  — 
- 2050  — 


0 1,3 

80  (31,8) 
9’i 

3 


PRH/PIPC 


0,34  (0,65) 
0,25 

0,25* 

'*A 

1,3 

1|9 

3,3 

2,4 

2,4  (1,9) 

- 

2,4 

4,4  (5,4) 

6,1 

5,5 

0,57 

- 

- 

Duct  Flotv  for  Cooling  of  Afterburner  only 


Fig.  2 Main  Design  Parameters  of  Engines  Compared 
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Pig.  3 General  Arrangement  of  VCE  and  Engine  C 1,3 
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Fig.  15  Multi  Role  Combat  Aircraft  Performance 
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DISCUSSION 


J.F. Chevalier 

La  conference  ilu  Or  (irieb  etuit  Ires  precise,  et  il  est  probable  qu'il  faudrait  etudier  a fond  la  dossier  pour  savoir  si 
on  arrive  aux  mentes  conclusions  que  lui.  Mais  je  pense  quand  menu*  qu'il  peut  y avoir  des  remarques  a faire  sur 
sa  conference. 


Pcrsonnellcment,  j’ai  line  petite  reinarquc  a faire.  Un  peu  de  details.  Vous  avez  attache  beaueoup  d'importance  a 
I’air  de  refroidissement  de  la  post-combustion  ct  sur  les  differences  de  performances  que  Ton  peut  attendre  suivam  iu 
fagon  dont  on  traite  cel  air  de  refroidissement.  Personnellcment  j’ai  etc  un  peu  surpris,  je  ne  m'attendais  pas  a ce 
que  va  intervicnne  autant  dans  les  differences  entre  moteurs. 

Author's  Reply 

We  found  that  the  influence  of  the  throttling  of  the  afterburner  cooling  air  on  performance  is  very  small.  But  from 
experience  with  reheated  turbofans  it  is  known  that  the  compressor  section  is  very  sensitive  to  the  afterburner  light 
up  and  blow  off.  This  can  be  prevented  by  separation  of  afterburner  and  duct  flow  and  throttling  of  the  afterburner 
cooling  air.  i.e.  that  the  engine  works  like  a reheated  turbojet. 


P.A. Kramer 

Why  is  it  important,  as  pointed  out  in  the  lecture,  to  have  a separation  between  afterburner  and  compressor? 
Author's  Reply 

During  afterburner  light  up  and  blow  off  there  is  no  proper  combustion  in  the  afterburner  and  it  can  well  be  that  for 
very  short  time  the  efficiency  of  combustion  is  much  better  or  worse  than  the  scheduled  efficiency.  That  means, 
during  this  process,  the  temperature  in  the  afterburner,  i.e.  the  real  reduced  mass  flow  function  My/T/P  can  be  very 
different  from  the  scheduled  one.  This  means  a change  of  the  nozzle  throat  is  necessary,  but  this  is  not  realized  by 
the  control  system.  A pressure  step  either  upwards  or  downwards  is  encountered  which  feels  the  compressor,  in 
case  of  the  turbofan  the  higher  the  bypass  ratio  the  higher  is  the  influence  of  such  a process  on  me  fan  working  line. 


E. Willis 

To  what  level  of  detail  did  you  estimate  the  weight  of  the  VCE?  i.e.,  were  allowances  made  for  weight  and/or  per- 
formance penalities  due  to  unique  components  and  features  such  as  the  variable  splits  1 am  not  sure  whether  the 
parameter  variation  of  VCE  weight  in  Figure  15  represents  the  expected  range  of  the  penalties  due  to  unique 
features  or  merely  a range  of  uncertainty  applied  on  top  of  your  first  estimate  of  the  penalties? 

Author's  Reply 

You  have  seen  ihe  slide  No  3 where  both  general  arrangements  are  shown.  Both  engines  were  designed  to  the  same 
thrust  at  sea  level.  Mach  0.8.  Engine  C 1 .3  has  a bypass  ratio  1 .3  and  the  VCE  has  a bypass  ratio  .34/. 65.  We 
designed  both  engines  properly  and  estimated  the  weigh!  of  all  the  components  and  found  that  the  VCE  is  much 
heavier  than  the  turbofan  engine.  We  found  also  that  not  only  the  structure  but  also  the  thermodynamic  cycle  of 
the  VCE  plays  an  important  role  on  this  high  specific  weight.  We  mean  that  the  minimum  excess  weight  by  the 
variable  components  and  more  complicated  arrangement  will  be  at  least  10  to  1 5%. 


Habrard 

Vous  avez  elimine  le  nioteur  No  2 du  point  de  vue  du  fonctionnement  du  fan  avee  rechauffe.  Est-oe  que  le  moteur 
No  3.  qui  tinalement  s’avere  iuteressant  avee  chauffe  du  plus  froul,  ne  presente  par  les  memes  desavantages  at  finale* 
meut,  ne  rendraite*d  pas  le  moteur  deux  aussi  iuteressant? 

Author's  Reply 

l think,  if  only  performance  is  important,  concept  2 and  concept  3 should  be  put  into  the  same  box.  But  if  you 
take  into  account  also  stability  problems  in  connection  with  the  afterburner  then  you  have  to  separate  them.  We 
defined  our  requirements  with  respect  to  performance  and  to  stability  also  and  this  is  the  reason  why  we  left  engine 
No 
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SUMMARY 

Future  airbreathing  engines  will  require  lower  fuel  consumption  and  greater  operational  flexibility 
than  obtained  with  present  engines  because  of  low  worldwide  fuel  reserves  and  the  expanded  requirements 
projected  for  advanced  aircraft.  Turbofan  engines  operate  efficiently  at  subsonic  Mach  numbers  and  turbo- 
jet engines  operate  efficiently  at  supersonic  Mach  numbers,  but  an  aircraft  which  requires  efficient 
operation  In  both  speed  regimes  needs  the  best  of  both  engine  types  - this  is  not  possible  with  current 
production  engines.  In  addition  to  diverse  flight  Mach  numbers,  V/STOL  aircraft  require  a large  variation 
in  thrust  levels.  At  takeoff  and  landing,  the  engine  must  produce  a very  high  level  of  thrust  and  thus, 
is  oversized  for  many  of  the  forward  flight  conditions.  Variable  Cycle  Engines  (VCE)  offer  a potential 
approach  to  the  solution  of  these  problems.  In  the  Navy  Variable  Cycle  Engine  Selection  Program,  several 
VCE's  were  evaluated  in  a Navy  V/STOL  fighter  aircraft.  The  results  indicate  that  some  VCF  concepts  offer 
cycle  flexibility  which  will  greatly  benefit  the  Navy  in  both  reduced  fuel  consumption  end  lower  aircraft 
take-of  f-gross-weight . 


1.  INTRODUCTION 


Supersonic  V/STOL  fighters  require  propulsion  systems  which  produce  thrust  well  in  excess  of  aircraft 
weight,  for  powered  lift  and  control,  and  which  can  be  integrated  into  an  aerodynamlcally  efficient  air- 
frame. The  powered  lift  requirements,  plus  the  flight  performance  requirements  of  Navy  fighter  missions, 
result  In  extensive  compromises  in  the  cycle  and  scheduling  of  fixed  cycle  engines.  These  compromises 
have  resulted  in  high  take-off-gross-weight  and  relatively  poor  payload  and  range  performance  in  many 
V/STOL  aircraft  designs.  Because  of  their  inherent  operational  flexibility,  variable  cycle  engines  are 
being  studied  for  V/STOL  aircraft.  Such  engines  can  potentially  reduce  the  compromises  necessary  with  a 
fixed  cycle  engine  and,  therefore,  reduce  aircraft  size  and  improve  performance. 

The  "Variable  Cycle  Engine  Selection  Program",  sponsored  by  the  Naval  Air  Propulsion  Test  Center  (NAPTC) , 
seeks  to  determine  the  impact  of  variable  cycle  engines  on  advanced  V/STOL  multi-mission  fighters.  This 
paper  presents  a program  description,  a summary  of  current  results,  and  the  concluslcns  drawn  from  the 
Initial  phase  of  the  program. 

2.  VCE  SELECTION  PROCRAM  DESCRIPTION 


In  June  1975,  the  Navy  Initiated  the  "Variable  Cycle  Engine  Selection  Program"  to  assess  the  potential 
benefits  from  variable  cycle  engines  installed  in  V/STOL  fighters.  This  program  is  a complementary  effort 
to  a United  States  Air  Force  VCE  selection  program  which  will  determine  VCE  Impact  on  the  size,  operational 
flexibility,  and  cost  of  supersonic  multi-mission  CTOL  fighters,  Reference  1.  Figure  1 lists  a number  of 
the  critical  engine  requirements  for  fighters,  including,  efficient  fuel  utilization  at  both  supersonic 
and  subsonic  conditions,  high  thrust  for  combat,  and  good  airframe  integration  characteristics.  Navy  V/STOL 
fighters,  however,  have  additional  engine  requirements,  also  listed  in  Figure  1,  which  are  equally 
Important  in  achieving  an  effective  design.  A number  of  payoffs  may  be  derived  from  the  use  of  variable 
cycle  engines  in  V/STOL  fighters.  For  example,  the  utilization  of  variable  airflow  features  to  produce 
the  high  thrust  required  for  take-off  and  landing  could  eliminate  the  need  for  direct  lift  engines  or  lift 
fans.  As  a result,  overall  propulsion  system  development  and  oaintalnence  costs  would  be  sharply  reduced. 


FIGURE  1 

VCE  APPLICATION  TO  V/STOL 
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Some  VCE  designs  can  also  be  used  to  obtain  the  rapid  thrust  response  required  for  hover  control.  Such 
engines  can  eliminate  the  need  for  thrust  spoiling,  and  thus , reduce  the  size  of  the  powered  lift  system. 
Other  VCE  concepts  can  produce  high  bleed  rates  for  attitude  control  without  oversizing  the  main  propulsion 
system.  The  objective  of  this  program  is  to  identify  high  payoff  VCE  design  concepts  and  operational 
characteristics  for  multi-mission  Navy  V/STOL  fighters.  The  following  paragraphs  briefly  describe  mission 
requirements  used,  the  evaluation  approach  and  the  VCE  concepts  which  have  been  evaluated. 

2.1  Mission  Requirements 

Meaningful  evaluations  of  eneine  impact  on  aircraft  size,  weight,  and  performance  must  be  conducted 
using  missions  which  are  representative  of  future  requirements.  The  two  principal  missions  used  for  this 
study  are  shown  in  Figure  2.  The  Deck  Launched  Intercept  (DLI)  mission  emphasizes  high  power  performance 


FIGURE  2 

DESIGN  MISSIONS 

DECK  LAUNCHED  INTERCEPT  (DU)  ENERGY  MANEUVERABILITY 


EXTERNAL  FUEL  (IF  REQUIRED) 


for  vertical  takeoff,  maximum  power  climb,  supersonic  dash,  and  supersonic  combat.  The  Subsonic  Surface 
Surveillance  (SSS)  mission  emphasizes  low  power  fuel  utilization  efficiency  in  the  long  range  subsonic 
cruise  out  and  back,  and  long  loiter  on  station.  The  DLI  design  mission  is  used  to  define  aircraft 
internal  fuel  volume.  The  SSS  mission  is  accomplished  by  adding  external  fuel  and  performing  a short 
takeoff  instead  of  a vertical  takeoff.  In  both  cases,  aircraft  performance  requirements  such  as  accel- 
eration time,  maneuverability,  specific  excess  power,  and  combat  ceiling  are  quite  demanding.  Super- 
imposing the  performance,  VTOL,  and  STOL  requirements  produces  an  aircraft  with  a high  thrust  to  weight 
ratio.  Thus,  the  aircraft  requires  an  engine  with  high  thrust  capability  for  performance,  good  high  power 
fuel  consumption  characteristics  for  supersonic  cruise  and  combat,  and  good  low  power  fuel  consumption  and 
aircraft  installation  characteristics  for  subsonic  cruise  and  loiter  conditions. 

2.2  Program  Approach 

The  "Variable  Cycle  Engine  Selection  Program"  is  a three-phase  effort  covering  approximately 
thirty  (30)  months  as  shown  in  Figure  3.  Phase  I of  the  program  was  six  months  long  and  was  completed  in 
December  1973.  Phase  I was  aimed  at  identifying  VCE  payoff  potential  and  selecting  complementary  aircraft 
and  high  payoff  VCE  coucepts  for  subsequent  detailed  evaluations  in  Phases  II  and  III. 

Phase  II  includes  development  of  a computerized  V/STOL  aircraft  sizing  and  performance  procedure,  and 
detailed  definitions  of  the  engines  and  aircraft  selected  in  Phase  I.  In  Phase  III,  the  VCE/airf ;:ame 
design  and  VCE  payoffs  will  be  identified  and  experimental  programs  aimed  at  demonstrating  critical  VCE 
components  will  be  defined  and  reeoasaended. 

The  Phase  I procedures  and  results  are  presented  in  this  paper.  As  illustrated  in  Figure  4,  sensi- 
tivities were  used  in  Phase  I to  estimate  the  .lircraft  take-off-gross-weight  (TOCU)  required  to  achieve 
misston  and  performance  objectives  for  eaeh  of  six  candidate  VCE  concepts.  The  sensitivity  of  TOCU  to 
propulsion  system  performance  fur  each  key  mission  segment  and  to  propulsion  system  physical  character- 
istics were  included.  The  performance  parameters  for  which  sensitivities  were  developed  included  net 
thrust,  fuel  flow,  inlet  drag,  and  aft-end  drag.  The  physical  characteristics  included  engine  weight  and 
engine  size. 

The  approach  to  be  used  for  Phases  II  and  III  ts  outlined  in  Figure  3.  Phase  II  involves  the  modifi- 
cation of  the  engtne/airframe  evaluation  procedure,  developed  during  the  USAF  VCE  selection  program,  to 
permit  analysis  of  V/STOL  aircraft  and  development  of  a reference  aircraft  design  with  advanced  technology 
fixed  eyele  engines.  The  reference  aircraft  will  be  used  in  Phase  III  to  determine  the  benefits  obtained 
by  using  variable  eyele  engines  in  Navy  V/STOL  fighters.  To  ensure  a valid  basis  for  the  evaluations,  the 
reference  aircraft  design  will  be  sized  to  the  minimum  TOCU  that  cam  achieve  mission  and  performance 
requirements. 
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The  engine  company  selected  for  Phase  II  (General  Electric)  will  provide  the  fixed  cycle  engine  data 
for  the  development  of  the  reference  aircraft  and  will  investigate  the  design,  operating,  performance,  and 
life  cycle  cost  characteristics  of  the  two  most  promising  ”CE  concepts  from  Phase  I, 

In  Phase  111,  McDonnell  Douglas  will  define  aircraft  for  the  two  selected  VCE  concepts.  Using  the 
englno/alrfraae  evaluation  procedure,  the  aircraft  size,  weight,  and  performance  relationship  to  engine  and 
airframe  design  variables  will  be  defined  for  each  VCE  concept.  The  minimum  TOGW  aircraft  capable  of 
achieving  the  design  mission  and  performance  will  then  be  Identified  and  compared  with  the  reference 
aircraft  of  Phase  11  In  terms  of  TOGW,  life  cycle  cost,  alternate  mission  performance,  non-standard  day 
performance,  and  powered  lift  system  operation. 

General  Electric  will  define  the  size,  weight,  performance,  and  cost  characteristics  of  the  selected 
VCE  concepts.  As  the  vehicle  and  engine  independent  design  parameter  sensitivities  become  available  from 
McDonnell  Douglas,  refinement  of  the  VCE  concepts  may  be  possible  by  altering  cycle  design  points  and 
component  operating  limits.  When  the  refinement  is  completed  and  the  capabilities  of  the  VCE's  established, 
the  technical  feasibility  of  VCE  components  will  be  determined  and  development  recommendations  made  to  the 
Navy. 


2.3  Phase  I VCE  Concepts 

In  Phase  I,  VCE  data  were  provided  by  Detroit  Diesel  Allison  and  General  Electric.  Plgure  6 Is  a 
partial  listing  of  the  characteristics  of  the  . indidate  engines.  Detroit  Diesel  Allison’s  engines  were 
designed  with  sxlsymootric  V/8T0L  exhaust  nozzles.  General  Electric  defined  engines  with  both  axiaymmetrlc 
and  two-dimensional  V/STOL  exhaust  nozzles.  The  two-dimensional  nozzles  were  designed  to  permit  augmenta- 
tion during  both  forward  and  vectored  thrust  operation  and  are  designated  as  ths  Augmented  Deflector  Exhaust 
Nozzles  (ADEN). 
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The  four  VCE  designs  provided  by  Detroit  Diesel  Allison  covered  a broad  range  of  design  complexity  and 
performance  potential.  The  first  concept  was  a variable  geometry  mixed  flow  afterburning  turbofan. 

Variable  geometry  was  included  in  the  fan,  compressor,  and  both  high  and  low  pressure  turbines.  The 
variable  geometry  features  were  aimed  at  improving  subsonic  fuel  consumption  characteristics.  The  Detroit 
Diesel  Allison  vertical  thrust  nozzles  were  located  upstream  of  the  augmentor  thereby  precluding  augmenta- 
tion during  vectored  thrust  operation. 

The  second  Detroit  Diesel  Allison  concept,  was  a dry  variable  geometry  turbojet.  Variable  geometry  was 
included  in  both  the  compressor  and  turbine  to  obtain  improved  subsonic  fuel  consumption  to  complement  the 
turbojet's  inherently  superior  fuel  consumption  at  supersonic  conditions. 

The  third  Detroit  Diesel  Allison  concept  was  the  b/pae*  burning  parallel  turbine  turbofan  engine.  This 
engine  incorporated  a bypass  duct  combustor  and  a low  pressure  turbine  which  extended  into  the  bypass  duet. 
The  bypass  and  primary  streams  were  mixed  to  simplify  thrust  vectoring  for  V/STOL  operations.  Variable 
geometry  was  included  in  the  low  pressure  turbine  and  mixer.  In  this  engine,  the  bypass  combustor  was 
operated  at  high  thrust  conditions  and  -the  bypass  duct  turbine  was  used  '.o  maintain  high  airflows.  The 
bypass  combustor  increased  engine  specific  thrust  and  provided  good  supersonic  fuel  consumption  character- 
istics. for  subsonic  operation,  the  bypass  burner  was  turned  off,  and  essentially  no  power  was  derived 
fro*  the  bypass  portion  of  the  turbine. 

The  fourth  Detroit  Diesel  Allison  concept  evaluated  was  a variable  geometry  turbofaa  with  a reverse 
pitch  .an  stage,  remotely  located  upstream  at  the  primary  engine.  This  concept  was  configured  to  elimi- 
nate the  need  for  lift  engines,  or  fans,  for  vertical  takeoff,  for  the  vertical  takeoff  mode,  the  reverse 
pitch  fan  was  used  to  pump  airflow  upstream  of  the  engine.  That  flow  was  then  vectored  to  obtain  lift 
forward  of  the  aircraft  center  of  gravity.  The  reverse  piteh  fan  was  driven  by  the  low  pressure  turbine 
of  the  turbofaa  engine  in  both  the  reverse  mode  (for  lift)  end  conventional  mode,  where  the  reverse  pitch 
fan  supercharged  the  turbofaa  engine. 


All  the  General  Electric  VCE  design*  were  defined  using  one  basic  concept;  the  nodulatlng  bypass  turbo- 
fan engine.  These  engines  were  designed  with  a modulating  fan  for  airflow  characteristics  with  various 
flows  and  discharge  pressures.  Variable  geometry  was  Included  In  the  fan,  compressor,  turbine,  and  mixer. 
For  high  specific  thrust  operating  conditions,  the  fan  discharge  pressure  was  maximized.  During  subsonic 
cruise,  the  fan  produced  a high  operating  bypass  ratio.  At  these  conditions,  fan  pressure  ratio  decreases 
and  uninstalled  fuel  consumption  Improved,  relative  to  a fixed  cycle  engine.  Inlet  flow  could  be 
modulated  during  subsonic  flight  to  reduce  Installation  losses. 

TWo  General  Electric  concepts  used  axlsymoetric.  exhaust  nozzles.  A third  concept  was  the  same  engine 
design  as  the  first,  but  with  an  ADEN  exhaust  nozzle.  The  fourth  candidate  concept  incorporated  the  ADEN 
exhaust  nozzle  and  an  flow  modulating  fan  which  supplied  flow  to  u remote  lift  system  (RLS).  The  RLE  was 
used  to  provide  VTO  thrust  and,  thus,  eliminate  the  need  for  direct  lift  engines.  This  concept  has  the 
potential  to  significantly  reduce  the  complexity  of  the  powered  lift  system  of  a V/STOL  fighter. 

3.  PROGRAM  RESULTS 

A systematic  screening  procedure  was  used  to  obtain  preliminary,  but  consistent,  measure  of  the 
relative  payoff  for  each  of  the  candid  tc  VCE  concepts  in  advanced  Navy  V/STOL  fighters.  The  following 
paragraphs  briefly  summarize  this  procedure  and  present  the  results  of  the  engine  screening  for  the  DL1 
and  SSS  design  missions  described  above.  Results  are  presented  for  evaluations  of  VCE  concepts  with  both 
axisymmetrlc  and  two-dimensional  V/STOL  nozzle  Installations. 

3.1  Screening  Procedure 

Aircraft  TOGW  sensitivities  to  engine  size,  weight  and  performance  parameters  were  used  to  evaluate 
the  candidats  VCE  concepts.  These  sensitivities  were  derived  using  a McDonnell  Douglas  advanced  Navy  V/STOL 
fighter  dealgn.  That  design,  shown  In  Figure  7,  was  specifically  optimized  to  achieve  the  Navy  DLI  and 
SSS  missions  using  a fully  Integrated  direct  lift  plus  lift-cruise  propulsion  system.  The  design 
characteristics  of  the  advanced  technology,  fixed  cycle  direct  lift  plus  llft-crulse  engines  (FCE)  are 
also  noted  in  Figure  7.  This  aircraft  was  In  the  30,000  lb  TOGW  class  when  sized  to  achieve  the  DLI  radius 
and  performance  requirements  and  Is  capable  of  VTO  with  full  internal  fuel  and  DLI  armemenc.  With  external 
fuel  and  SSS  mission  armament,  the  aircraft  TOGW  was  In  the  40,000  lb  class,  and  was  capable  of  achieving 
the  SSS  mission  end  STO  requirements.  TOGW  aensltivities  v*ere  determined  at  each  critical  mission  and 
performance  segment  of  the  DLI  and  SSS  missions. 

FIGURE  7 
LIFT  + LIFT-CRUISE 
V/STOL  AIRCRAFT  DESIGN 


TOGW  CLASS 

DU  {INTERNAL  FUEL)  % 30.000  LB 
SSS  (EXTERNAL  FUEL)  * 40.000  LB 


The  use  of  the  TOGW  sensitivities  to  assess  the  impact  at  the  VCE  concepts  on  DLI  TOGW  Is  illustrated 
in  Figure  S.  All  Increments  in  VGE  fuel  eousumpUon,  thrust,  geometry  and  weight  were  referenced  to  the 
FCE  Uft-eruise  engine  see  level  static  thrust  level. 

The  Impest  of  veg  specific  fuel  consumption  (SFC)  on  TOGW  was  evaluated  at  th«  DU  cruise,  dash,  and 
combat  flight  conditions  using  the  same  net  pre-ulsive  lorce  (NPF)  {engine  net  thrust  minus  total  inlet 
drag  end  throttle  dependent  aft -end  dreg)  ns  res  ired  to  perform  those  mission  segments  with  the  peg.  The 
veg  installed  SEC  was  determined  at  each  mission  segment  sad  the  sensitivities  used  to  determine  impact  on 

TOO),  e.g.,  4T0CW  Fuel  Consumption  - [SFC^  - SFG^jJ  . The  total  TOGW  variation  caused  by  the 

difference  between  FCE  and  VCE  SFG  is  equal  to  the  sumption  of  TOGW  increments  Fat  each  of  the'  mission 
segments.  The  iopact  of  VGE  thrust  characteristics  on  TOO),  the  VCE  SFF  was  defined  at  the  subsonic  sod 
supersonic  energy  maneuverability  flight  conditions.  Net  propulsive  foree  in  excess  of  Hat  required  to 
achieve  the  desired  performance  indicates  that  the  VCE  alee  can  be  reduced.  ;ae  sensitivities  were  them 
used  to  identity  the  eesultiag  TQCW  reduction. 


Maximum  engine  diameter  was  used  to  assess  the  impact  of  VCE  size  on  TOGW.  Nozzle/aft-end  drag  incre- 
ments were  obtained  from  empirical  data  correlations  by  defining  maximum  engine/fuselage  cross-section 
area  ratio  for  each  VCE  candidate.  The  sensitivities  were  then  used  to  assess  TOGW  increments  caused  by 
these  geometry  dependent  drag  increments  at  the  thrust  and  fuel  sizing  mission  segments. 

The  propulsion  system  weight  TOGW  increment  was  computed  by  multiplying  the  sensitivity  times  the 
change  in  lift-cruise  and  direct  lift  engine  weight.  This  weight  increment  was  determined  with  the  engines 
sized  to  produce  the  same  total  lift  as  in  the  FCE  powered  aircraft.  The  same  direct  lift  engine  design 
was  used  in  both  the  VCE  and  FCE  aircraft. 

The  SSS  mission  was  performed  by  adding  external  fuel  tanks  to  the  aircraft,  which  w»«  sized  to  accomp- 
lish the  DLI  mission  with  internal  fuel.  Consequently,  the  difference  between  SSS  and  DLI  TOGW  was  equal 
to  the  difference  between  SSS  and  DLI  armament  plus  the  external  fuel  and  tank  weight.  There  is,  then,  a 
direct  relationship  between  DLI  and  SSS  TOGW.  This  empirical  relationship,  ATOGWgss  “ ATOGtfroj,  was 
used  to  compute  the  change  in  SSS  TOGW  due  to  the  change  in  DLI  TOGW  determined  for  each  VCE.  TOGW  sensit- 
ivities were  also  used  to  determine  the  SSS  TOGW  changes  resulting  from  VCE  SFC  and  engine  geometry  dependent 
drag  at  the  SSS  cruise  and  loiter  mission  segments. 
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FIGURE  8 

ENGINE  EVALUATION  PROCEDURE 
USING  TOGW  SENSITIVITIES 
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3.2  Evaluation  Results  for  Axisymmetric  Nozzle  Installations 

Six  VCE  concepts  were  evaluated  with  axisymmetric  V/STOL  nozzleB  'four  Detroit  Diesel  Allison  and 
two  General  Electric  engines).  With  the  axisymmetric  nozzles,  it  was  assumed  that  the  DLI  VTO  was 
accomplished  with  non-augmented  power,  as  was  the  case  with  the  FCE  aircraft.  A summary  of  the  DLI  mission 
TOGW  sensitivity  evaluation  is  presented  in  Figure  9.  Each  concept  was  evaluated  to  determine  the  effects 
of  maneuvering  thrust,  SFC,  geometry  dependent  drag,  and  engine  weight  on  TOGW.  All  six  engines  achieved 
TOGW  reductions  which  were  derived  from  their  maneuvering  thrust  and  SFC  characteristics.  It  should  be 
noted  that  none  of  the  VCE  concepts  exhibited  reductions  in  subsonic  cruise  SFC,  but  all  six  achieved 
reduced  SFC  at  the  supersonic  dash  and  combat  flight  conditions.  Only  one  VCE,  the  Detroit  Diesel  Allison 
VGT  TF,  resulted  in  an  engine  weight  payoff  and  two  exhibited  prohibitive  engine  weight  penalties. 

Finally,  only  the  Detroit  Diesel  Allison  VGT  dry  TJ  produced  an  engine  geometry  dependent  drag  penalty. 

The  total  TOGW  increment  achieved  by  the  VCE  concepts  is  equal  to  the  sum  of  the  four  separate  increments 
shown  in  Figure  9 . The  Detroit  Diesel  Allison  VGT  TF  clearly  produced  the  largest  potential  DLI  TOGW 
reduction  of  the  six  engines  evaluated. 


The  results  of  the  SSS  uiission  TOGW  sensitivity  evaluation  are  summarized  in  Figure  10.  As  noted  above, 
three  TOGW  increments  were  evaluated  for  the  SSS  mission,  including  those  resulting  from  (1)  DLI  TOGW 
changes,  (2)  VCE  SFC  characteristics,  and  (3)  VCE  geometry  dependent  drag.  Consequently,  engines  which 
produced  DLI  TOGW  reductions  resulted  in  a corresponding  increment  in  SSS  TOGW,  as  shown  in  Figure  10. 

Only  one  VCE,  the  General  Electric  0.95  BPR  Modulating  Bypass  TF,  resulted  in  a TOGW  reduction  because  of 
its  SFC  characteristics  at  the  SSS  mission  subsonic  cruise  and  loiter  flight  conditions.  Again,  the 
Detroit  Diesel  Allison  VGT  TJ  was  the  only  VCE  which  did  not  achieve  a TOGW  reduction  due  to  the  geometry 
dependent  drag.  The  total  SSS  TOGW  change  is  equal  to  the  sum  of  the  three  increments  shown  in  Figure  10. 
Two  VCE  concepts  significantly  reduced  SSS  TOGW, 

The  results  of  the  DLI  and  SSS  mission  TOGW  sensitivity  evaluations  identify  the  Detroit  Diesel  Allison 
VGT  TF  and  the  0.95  BPR  General  Electric  Modulating  Bypass  as  the  roost  promising  of  the  VCE  candidates 
evaluated.  Although  the  0.5  BPR  General  Electric  Modulating  Bypass  TF  produced  greater  DLI  TOCW  reduction 
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FIGURE  9 

TOGW  SENSITIVITY  EVALUATION  - DLI  MISSION 

AXI-SYMMETRIC  V/STOL  NOZZLE  CONFIGURATIONS 
BASELINE  DLI  TOGW  % 30,000  LB  CLASS 
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FIGURE  10 

TOGW  SENSITIVITY  EVALUATION  - SSS  MISSION 

AXI-SYMMETRIC  V/STOL  NOZZLE  CONFIGUATIONS 
BASELINE  SSS  TOGW  % 40,000  LB  CLASS 


OETROIT  DIESEL  ALLISON 

GENERAL  ELECTRIC 

ATOGW  - LB 

ATOGW -LB 

\ VCE 

\i CONCEPT 

T0GW\ 

CONTRIBUTOR^^ 

VGTTF 

VGT 

DRYTJ 

PARALLEL 

TURBINE 

TF 

REVERSE 

PITCH 

VGTTF 

MODULATING  BYPASS  TF 

(BPR  = 0.50) 

(BPR  = 0.95) 

CHANGE iN  * 
DLI  MISSION 
TOGW 

-6,040 

-3,330 

-2,010 

16,130 

-4,250 

-3,300 

(SFC)Npf 

2,260 

14,280 

4,710 

5,370 

4,930 

-530 

GEOMETRY 

DEPENDENT 

DRAG 

-1,030 

900 

-1,290 

-1,610 

-560 

-890 

ATOGW  TOTAL 

-4,810 

11,850 

1,410 

19,890 

120 

-4,720 

*AT0GWsss  = 1-6  ATOGWdu 


than  did  the  0,95  BPR  engine,  the  SSS  evaluation  clearly  identified  the  0,95  BPR  as  the  superior  design  for 
maximum  payoff  potential  with  multiple  design  mission  requirements. 

3.3  Evaluation  Results  for  Two-Dimensional  Nozzle  Installations 


General  Electric  provided  two  VCE  concepts  with  two-dimensional  Augmented  Deflecting  Exhaust 
Nozzles  (ADEN)  for  evaluation  in  this  program.  Both  designs  were  designed  to  permit  full  augmentation  with 
vectored  thrust  for  the  DLI  VTO  and  the  SSS  STO.  The  RLS  concept  uses  fan  discharge  airflow,  which  is 


ducted  forward  of  the  aircraft  CG  to  provide  a powered  lift  t. ystem,  and  thus,  eliminate  the  requirement 
for  separate  direct  lift  engines. 

The  Installation  of  such  propulsion  systems  results  in  a significant  departure  from  the  design 
integration  of  the  FCE  aircraft  as  shown  in  Figure  11.  Therefore,  the  potential  payoff  for  these  VCE 
concepts  was  assessed  by  developing  design  layouts  to  determine  VCE  weight  and  geometry  impact  on  TOGW  and, 
then,  using  the  FCE  aircraft  sensitivities  to  determine  the  TOGW  impact  of  VCE  thrust  and  SFC.  To  obtain 
consistent  and  comparable  results,  this  procedure  was  also  used  to  reassess  the  TOGW  payoff  of  the  two 
most  promising  VCE  concepts  (Detroit  Diesel  Allison  VGT  TF  and  0.95  BPR  General  Electric  Modulating  Bypass 
TF)  with  axisymmetr^c  nozzle  installations. 


FIGURE  11 

VCE/AIRCRAFT  DESIGN  INTEGRATION 


Payoff  potential  was  estimated  for  both  the  DLI  and  SSS  design  missions  and  the  results  are  shown  in 
Figure  12  and  13  respectively.  All  four  VCE  concepts  resulted  in  TOGW  reductions,  relative  to  the  FCE 
aircraft,  due  to  thrust,  SFC  and  geometry  dependent  drag,  but  only  the  Detroit  Diesel  Allison  VGT  TF 
achieved  a TOGW  reduction  due  to  engine  weight.  The  total  DLI  TOGW  change  is  equal  to  the  sum  of  the  four 
increments  shown;  and  all  four  engines  achieved  a net  DLI  TOGW  reduction.  The  linear  relations  between 
DLI  TOGW  changes  and  SSS  TOGW  changes  discussed  above  were  again  used  to  assess  the  impact  of  VCE  weight 
and  geometry  on  SSS  TOGW  as  shown  in  Figure  13.  Only  the  0.95  BPR  General  Electric  Modulating  Bypass  VCE 
achieved  a SSS  TOGW  reduction  due  to  SFC.  Once  again,  all  four  VCE  concepts  indicated  potential  TOGW 
reductions  in  the  SSS  design  mission.  The  results  of  these  evaluations  are  summarized  in  Figure  14.  Too 
of  the  engines,  the  Detroit  Diesel  Allison  VGT  TF  and  the  General  Electric  Modulating  Bypass  TF  plus  RLS, 
Indicated  significant  TOGW  payoff  potential  in  both  the  DLI  and  SSS  mission  applications. 


FIGURE  12 

INTEGRATED  DESIGN  TOGW 
SENSITIVITY  EVALUATION  RESULTS 
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FIGURE  13 

INTEGRATED  DESIGN  TOGW 
SENSITIVITY  EVALUATION  RESULTS 
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FIGURE  14 

INTEGRATED  DESIGN  TOGW  SENSITIVITY 
EVALUATION  SUMMARY 
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3.4  Evaluations  of  VCE  Operational  Flexibility 


The  fixed  cycle  engine  used  to  define  the  aircraft  TOGW  sensitivities  was  a conceptual  design 
incorporating  technology  projected  for  1990  engines.  However,  due  to  individual  engine  company  design 
techniques  and  schedule  optimizations,  this  engine  could  introduce  inconsistencies  into  the  sensitivity 
evaluations.  Thus,  it  was  desired  to  assess  the  potential  impact  of  such  inconsistencies. 


A General  Electric  modulating  Bypass  turbofan  was  evaluated  and  the  results  were  compared  with  the  VCE 
evaluation  results.  The  TOGW  sensitivities  were  used  to  determine  the  DU  and  SSS  TOGW  for  the  General 
Electric  FCE  design. 


demonstrates  the  advantage  of  variable  cycle  features.  Both  engine  concepts  provided  a substantial  TOGW 
reduction  for  the  DLI  mission,  which  emphasizes  good  supersonic  flight  engine  performance  at  dash  and 
combat.  However,  the  VCE  concept  provided  a substantially  higher  TOGW  payoff  for  the  SSS  mission  where  the 
emphasis  is  on  good  subsonic  cruise  and  loiter  engine  performance.  On  the  basis  of  these  results,  it  appears 
that  the  major  payoff  for  VCE  may  be  achieved  in  aircraft  with  multi-mission  requirements. 


FIGURE  15 

DEMONSTRATION  OF  VCE  OPERATIONAL  FLEXIBILITY 
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4.  CONCLUSIONS 


The  simplified  analysis  procedures  used  in  Phase  I of  this  program  allowed  a rapid  and  enlightening 
evaluation  of  several  VCE  concepts.  The  results,  TOGW  reductions  of  approximately  10Z,  showed  sufficient 
VCE  payoff  potential  to  warrant  proceeding  to  Phases  II  and  III.  The  most  promising  VCE  concepts  were  the 
Detroit  Diesel  Allison  Variable  Geometry  Turbofan  and  the  General  Electric  Modulating  Bypass  Turbofan 
engines.  It  was  also  apparent  that  an  aircraft  which  is  required  to  perform  only  one  mission  will  probably 
not  derive  a significant  TOGW  reduction  from  the  use  of  a VCE.  However,  an  aircraft  that  must  perform 
several  missions  of  diverse  nature  will  benefit  from  the  use  of  a VCE. 
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DISCUSSION 


J.Hourmouziadis 

On.;  of  the  engine  concepts  favored  is  the  Detroit  Diesel  Allison  VCE  incorporating  a variable  HP  Turbine.  When 
does  the  author  expect  such  a turbine  to  be  available? 

Author's  Reply 

We  are  presently  engaged  in  advanced  programmes  with  a number  of  different  variable  geometry  turbines  and  Allison 
has  in  fact  run  one  variable  turbine,  high  temperatured  and  highly  cooled,  this  being  a preliminary  version  after  some 
improvements.  There  will  be  one  available  for  advanced  type  tests  in  the  next  year  or  so.  Also  it  is  to  be  mentioned 
that  there  is  a similar  programme  on  variable  low  pressure  turbines  going  on. 


J.F. Chevalier 

Je  voudrais  faire  deux  remarques  dans  la  comparaison  du  rSsultat  de  donnees  par  tous  le  moteurs.  11  me  semble  que 
les  bons  resultats  obtenus  avec  le  premier  de  tous  les  moteurs,  un  VGT/TF  d’Allison,  rdsulte  d’un  optimiste  certain 
sur  le  poids  de  ce  moteur.  II  devrait,  certainement,  dans  les  delta,  etre  penalise  plus  par  son  poids.  Quant  aux 
derniers  moteurs  qui  donnent  des  resultats  assez  interessants  aussi,  c’est  un  retour  finalement  au  Pegasus,  4 peu  de 
chose  tr8s.  C’est  une  remarque  que  je  fais. 

Author's  Reply 

I should  point  out  that  in  the  fixed  and  variable  cycle  engine  comparison  for  the  multi-mission  flexibility  compari- 
son very  consistent  weight  analysis  procedures  were  used.  And  even  though  we  can  agree  that  we  may  not  know  in 
detail  the  weight  penalties  due  to  the  variable  components,  I think  that  the  use  of  consistent  weight  analysis  pro- 
cedures considering  those  components  and  then  still  indicating  a pay-off  is  a very  attractive  result. 
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INTRODUCTION. 


Ce  n'est  pas  par  hasard  si  Is  concept  du  moteur  A cycle  variable  ost  nA  A l'occasion  des  Atudes  d'un 
avion  de  transport  supersonlque  de  deuxlAme  gAnAration. 

Le  domains  de  vol  d'un  avion  supersonlque  Atant  trAs  Atendu,  le  propulseur  ne  peut  pas  Btre  optimisA 
dans  tous  les  cas  de  vol  et  les  qualitAs  qul  lui  sont  demandAes  peuvent  m&me  Btre  contradlctoiros.  En 
partlculler;  le  principal  obstacle  au  dAveloppnment  du  transport  supersonlque  est  le  problAme  du  bruit  au 
dAcollage.  II  est  impAratif  quo  les  avions  de  transport  supersonlque  futurs  satisfassont  aux  rAglements 
actuals  ou  en  cours  d' Alaboration,  concernant  le  bruit  au  dAcollage.  Cette  obligation,  impllquant  une 
vitesse  d'Ajection  modArAe,  coincide  avec  les  exigences  d'un  ben  rsndement  aux  basses  vitesses,  tnais  ost 
Incompatible  avec  l'obtention  d'un  faible  maltre  couple  et  d’un  bon  rendement  aux  vitesses  9upersoniques. 

C'est  pourquol  1'idAe  du  moteur  A cycle  variable,  qui  rAduirait  comme  par  magle  ces  lncompatlbllitAs, 
apparalt  comma  particuliArement  sAduisante. 

dais  le  moteur  A cycle  variable,  qu‘ost-ce  que  e’est  ? Nous  allons  tenter  de  dresser  le  portrait 
robot  du  moteur  cycle  variable  idAal  adaptA  au  transport  supersonlque  A Mach  2,  en  cherchant  quelles 
devralent  Btre  ses  caractAristiques  principales  du  triple  point  de  vue  des  cycles,  de  1 ' encombrement  et 
de  la  constitution  interne. 


1.  POSSIBIUTES  ET  LIMITES  OES  MOTEURS  CLASSIQUES. 


Pour  cela,  il  est  tout  d’abord  nAcessaire  d’axaminer  quelles  sont  les  possibilitAs  et  les  llmites 
des  moteurs  classiques. 

En  croisiAre  supersonlque,  les  principales  qualitAs  demandAes  au  propulseur  sont  d'une  part  une 
faible  consommation  spAclfique,  d'autre  part  une  fortB  poussfie  spAcifique  (poussAe  par  unltA  de  dAblt) 
at  un  faible  maltre  couple,  afin  ,,s  rAduire  la  masse  de  1 'ensemble  propulsif  et  la  tralnAe  ue  la  nacelle. 

1.1.  Cholx  du  cycle. 

La  planche  1 prAsente  lei  rAsultats  d'une  Atude  des  cycles  monoflux  et  double  flux  mAlangAs  sans 
rechauffe,  dans  les  conditions  de  vol  Mo  * 2 2 > 11  Km  ISA  » 5. 

Les  pousseas  specifiques  et  consommations  specifiques  sont  prAsentAes  par  rapport  A un  propulseur  de 
reference  de  mBme  cycle  que  1'OLYMPUS  593.  propulseur  actual  de  CONCORDE. 

Les  cycles  double  flux  nAlanges  dependent  de  trois  paramAtres  i ndApendants , par  example  : taux  de 
dilution.  tempArature  entree  turbine  et  taux  de  compression  primalrP.  le  taux  de  compression  de  la  souf- 
flante  Atant  fixA  par  la  condition  d'AgalitA  des  presslons  A la  confluence. 

Dans  1'etude  prAsentee.  le  taux  de  dilution  est  variable  de  0 A 2,5  par  pas  de  0,5,  tandls  que  la 
temperature  entrAe  turbine  est  augmentAe  par  pas  de  50°  Jusqu'A  20C°  au-dessus  de  la  valeur  actuelle  de 
1'OLYMPUS.  Pour  chaque  valeur  du  taux  de  dilution  et  de  la  tempArature  entrAe  turbine,  il  existe  une 
valeur  du  taux  de  compression  primalre  qui  rend  la  consomnation  speclflque  mlnlmale.  Ce  taux  de  compres- 
sion optimal  est  trAs  elevA,  irrAalisable  pratiquement.  et  conduit  A des  poussAes  specifiques  trAs  falbles. 

Dans  la  pratique,  on  recnerenera  done  une  solution  de  compromls  permettant,  moyennant  un  leger 
sacrifice  sur  la  consommation  specifique,  J'augmenter  la  poussee  speclflque  et  de  diminuer  le  taux  de 
compression  primalre.  C'est  ce  qul  a Ate  fait  dans  cette  Atude  ou.  pour  chaque  valeur  du  taux  de  dilution 
et  de  la  tempArature  entrAe  turbine,  nous  avons  dAtermine  la  valeur  du  taux  de  compression  primalre  per- 
mettant  d'obtenlr  la  poussee  speclflque  la  plus  Alevee  au  prjx  d'un  sacrifice  de  2,5  % sur  la  consommation 
spAclfique  par  rapport  au  moteur  optimal  correspondent . 

L'examen  des  rAsultats  montre  que  le  taux  ue  dilution  peut  varler  dans  des  proportions  importantes 
de  d a 2,5.  sans  cnangement  significatlf  de  la  consommation  spAclfique. 

Par  centre,  la  poussee  spAclfique  decrott  rapidemtnt  quand  le  taux  dp  dilution  augmente.  De  plus, 
dans  un  muteur  double  ilux  classlque,  or.  n'est  pas  ’"altre  de  l'Avolution  du  taux  de  dilution  en.re  le 
decollage  at  la  crolslAre.  Un  moteur  double  flux,  avec  un  taux  de  dilution  modeste  de  0,5  au  dAcollage. 
se  retruuve  en  croistere  supersonlque  avec  un  taux  de  dilution  voisln  de  1.  11  en  [Asulte.  A la  tempe- 
rature entrAe  turbine  de  rAfArence,  une  diminution  de  poussee  specifique  supArieure  a 40  % par  rapport 
au  moteur  munoflux  Je  reference. 

51  on  veut  1.  iter  cette  perte  de  poussee  specifique  A 30  il  faut  augmenter  la  temperature  entree 
turbine  de  200°. 


En  conclusion,  le  cycle  la  mleux  adapts  A la  crolsifire  supersonlque  est  le  cycle  monoflux  sans 
rfichauffe  pulsqu'il  procure  une  excellente  consommatlon  spficlfique  et  une  poussfie  spficlfique  filevfie. 

L'utlllsatlon  de  la  rfichauffe  sur  les  flux  prlmairo  et  secondairo,  ou  de  la  chauffe  du  flux  secondalr^ 
permettralt  d’augmontor  la  poussfie  spficlfique  des  moteurs  double  flux  en  crolsifire  supersonlque,  mals  au 
prlx  d'une  augmentation  prohibitive  de  la  conscmmation  spficlfique. 
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1.2.  Contralntes  d’ Installation. 


La  pouss6e  fournle  A la  cellule  par  le  groupe  propulslf  est  la  rfisultante  de  la  poussfie  du  moteur  et 
de  la  trafnfie  do  la  nacelle,  prlncipalament  la  tralnfie  d’onde  qul  reprfisente  une  partie  non  nfigllgeable 
(environ  6,5  \)  de  la  tralnfie  totale  de  1‘avlon. 

L'optimlsatlon  dcit  done  porter  sur  1 'ensemble  du  groupe  propulslf  et  non  sur  le  moteur  seul. 

La  tralnfie  de  carfino  est  proportlonnelle  au  maftro  couple  de  la  nacelle  et  dfipend  de  la  difffirence  de 
section  ontre  l'entrfie  d'alr  et  la  maltro  couple  do  la  nacelle. 

Oans  un  moteur  classique,  le  compresseur  basse  presslon  est  unique,  son  dfibit  par  unitfi  de  surface 
frontala  est  maximal  au  dficollage.  En  premifire  approximation,  on  peut  dire  qua  le  maltre  couple  de  la 
nacelle  est  proportlonnel  A la  section  d'entrfie  du  moteur  et  par  consfiquent  au  dfibit  d’alr  dans  les  condi- 
tions dficollage. 

Par  contra,  la  section  d’entrfie  d’alr  est  dimen3ionnfie  pour  la  crolsifire  supersonlque,  elle  03t 
proportlonnelle  au  dfibit  d’alr  du  moteur  en  crolsifire. 

Finalement.  la  tralnfie  de  car fine  est  proportlonnelle  au  dfibit  du  moteur  au  dficollage  et  A la  loi  de 
variation  du  dfibit  eutre  le  dficollage  et  la  crolsifire. 

La  plancha  2 montre,  pour  un  avion  donnfi,  de  mfime  conception  afirodynamique  que  CONCORDE,  quelle 
serait  1‘ influence  sur  la  tralnfie  totals  de  1 ’avion  d’un  changement  do  la  conception  des  moteurs  et  de 
leur  loi  de  dfibit  A travars  la  variation  de  la  trafnfie  de  carfine.  en  pronant  comma  pmpulseur  de  rfiffirence 
le  moteur  actual. 

L’ordonnfie  reprfisente  la  variation  de  la  poussfie  spficlfique  en  crolsifire,  l’abscisse  le  rapport  dfibit 
crolsifire/  dfibit  dficollage,  les  courbes  en  trait  plain  sont  la3  courbea  d’figale  tralnfie  totale  de  l’avlon, 
les  courbes  en  pointillfi  les  courbes  d’figale  vitesse  d’fijection  dficollage.  done  de  mSme  niveau  de  bruit. 

Pour  rfiduire  le  bruit  au  dficollage  par  rapport  & la  situation  actuelle  de  CONCORDE  et  atteindre 
FAR  36,  il  faudrait  diminuer  la  vitesse  d’fijection  dficollage  de  30  \ minimum  ) 11  en  rfisulte.  b mfime  loi 
de  dfibit.  une  diminution  de  la  poussfie  spficlfique  crolsifire  de  30  % et  une  augmentation  de  la  trafnfie 
totale  de  l’avion  d’envlron  3 ' • . Ceci  traauit  simplement  le  grossissement  relatif  des  nacelles  par  rapport 
A l’avlon. 

Un  moteur  tel  que  le  point  A reprfisente  done  une  solution  classique  double  flux  sans  rechauffe.  II 
permet  de  rfiduire  senslbloment  le  bruit  au  dficollage,  mais  au  prix  d’une  augmentation  de  la  masse  et  de 
la  trafnfie  des  nacelles,  car  les  possibilites  d’action  sur  la  loi  de  dfibit  sont  faibles. 
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2.  MOTEURS  A CYCLE  VARIABLE  ; DEFINITION  OES  OBJECT IFS. 


2.1.  Qbjectlfs  relatlfs  au  cycle. 

L’aptimisation  du  systfime  pour  la  crolsifire  impose  un  cycle  ou  ensemble  de  cycles  monoflux.  C’est 
cetta  configuration,  considfirfie  eoiwne  fondamentale.  que  nous  appellerons  “moteur  de  base". 

Au  dficollage.  la  moteur  de  base  fournirait  une  poussfie  insuffisante  pulsque  sur  1 ’OLYMPUS  un  taux  de 
rechauffe  de  20  % est  nficessalre.  Oe  plus,  la  vitesse  d’fijection  du  monoflux  sans  rfichauffe  doit  encore 
fitre  rfiduite  d’au  moins  20  t pour  atteindre  le  niveau  de  bruit  fixfi  par  la  norma  FAR  36. 

Le  cumul  de  ces  deux  exigences  nficessite  une  augmentation  du  dfibit  au  dficollage  d’au  moins  50  % par 
rapport  au  moteur  de  base. 

La  puissance  fiqulvalenta  du  Jet  est  inffirieure  de  4 \ seulement  A celle  du  moteur  de  base.  Le  moteur 
utilisfi  en  configuration  dficollage  ayant  vraiaemblablement  un  rendement  thermique  moins  bon.  11  est 
nficessalre  qu’il  ait  un  dfibit  de  carbursnt  au  moins  figal  A celui  du  moteur  de  base. 


2.2.  Qbjectlfs  relatlfs  A 1 ’eneombroment. 

Le  moteur  A cycle  variable  dolt  avoir  une  faible  vitesse  d‘ ejection,  done  fonctionner  en  double  flux 
au  dficollage  pour  diminuer  le  bruit.  On  volt  immfidiatement  sur  la  planche  2 qu’un  tel  moteur  ne  peut  pas 
avoir  un  eompresseur  8P  unique,  car  s’il  en  fitait  ainsi,  on  obtiendrait  un  moteur  tel  que  le  point  0.  En 
effat.  ee  moteur  devrait  avoir  Lv  diamfitre  d’entrfie,  done  le  mattre  couple  du  moteur  double  flux  A,  tandls 
que  la  section  de  captation  de  l’entrfie  d’air  serait  celle  du  moteur  de  reffirene^. 

II  en  rfisuiteralt  une  augmentation  inaceeptable  de  la  trafnfie  de  croisifire  (*  13  i)  par  suite  ds 
1 ’augmentation  de  la  trafnfie  de  carfine  due.  d’une  part  au  grossissement  relatif  de  la  nacelle,  d’autre 
part  A la  deformation  des  formes  extfirleures. 


La  n6cBS9it6  da  disposer  tout  le  systdme  de  telle  sorts  que  le  maltre  couple  de  la  nacelle  on 
croisidre  soit  dfiterminfi  par  la  section  d’entrSe  du  moteur  de  base,  implique  que  lea  compresseurs  BP 
autres  que  colui  du  moteur  da  base  soient  dispos6s  au  niveau  d’une  partie  6troite  de  ce  moteur  s'ils 
aont  log6s  dans  la  nacelle,  ou  ascamotablos  dans  le  cas  contraire. 

Les  compresseurs  BP  suppl6mentaires  log6s  dans  la  nacelle  doivent  §tre  aliment6s  par  des  entr6es 
d’air  lat6ralos  disposes  en  parol  ou  en  "Scopes”  r6tractables. 


3.  ENSEMBLE  DE  PLUSIEURS  MOTEURS. 


La  premiere  ld6s  qul  vie't  A l'asprit  est  d’utiliser  deux  moteurs  : 

- un  moteur  double  flux  S grand  d6bit  et  h falble  vltesse  d’6jection  pour  le  d6collage, 

- un  moteur  simple  flux  pour  la  croisldre  supersonique. 

Un  tel  systems  n'e9t  valable,  du'point  de  vue  afirodynamlque,  que  ai  le  double  flux  peut  §tre  log6 
dans  la  nacelle  du  simile  flux  ou  eacamotfi  en  croisiSre. 

II  est  Evident  quo  ce  moteur  ne  peut  pas  Stre  log6  dans  la  nacelle  puisque  son  diam&tre  est  supfirieur 
h celul  du  monoflux,  at  que  ses  dimensions  le  rendent  difficilement  escamotable.  D'autre  part,  la  masse 
d'un  tel  ensemble  seralt  Inadmissible. 

On  est  conduit  ci  envisager  un  ensemble  dans  lequel  les  dimensions  du  double  flux  seraient  rfiduites 
grSce  h 1 ' utilisation  simultan^e  au  d6collage  des  deux  moteurs,  le  monoflux  6tnnt  a3sez  r6duit  pour  que 
son  niveau  de  bruit  soit  admissible.  Les  deux  moteurs  peuvent  alors  §tre  disposes  dans  une  m§me  nacelle, 
comme  le  montre  la  planche  3. 

Le  monoflux,  monocorps  ou  double  corps,  prfisente  un  resserrement  entre  la  sortie  des  compresseurs 
ot  l'entrfte  de  la  chambre.  Le  double  flux  est  montd  autour  du  monoflux  au  niveau  de  cette  partie  6troite, 
il  est  aliments  par  des  prises  d’air  latSrales. 

Un  tel  ensemble  ne  pose  pas  de  problSmes  particulars  de  fonctionnement  puisqu’il  est  constituS  de 
deux  moteurs  classiquas  indSpendants. 

La  masse  doit  Stre  SlevSe  et  supSrieure  S cells  de  deux  moteurs  respectivement  de  mSme  cycle  disposes 
cSte  £ cflte. 

Le  diamfitre  SlevS  des  paliers  du  double  flux,  en  plus  dus  problumes  tachnologiques  qu’il  peut  poser, 
impose  une  Vitesse  de  rotation  modSrSe  et  limite  le  taux  de  compression  primaire,  ce  qui  conduit  h une 
tempSrature  entrSe  turbine  et  un  taux  de  dilution  insuf fisanls  pour  obtenir  un  bon  rendament. 

Cependant,  cat  ensemble,  constituS  d'un  monoflux  A rSgime  rSduit  et  d’un  double  flux  de  performances 
mSdiocres,  aura  une  consommation  spScifique  au  decollage  plus  faible  qu’un  monoflux  avec  rScbauffe. 

Les  systSmes  composes  de  plusieurs  moteurs  independents  du  point  de  vue  thermodynamique  ne  mSritent 
pas  vSrltablement  le  nom  de  moteurs  A cycle  variable,  puisque  chaque  moteur  realise  toutes  ses  fonctlons 
tcompresslan,  combustion,  dfitente.  Sjection!  avec  des  organes  qui.  lui  sont  propres. 

Nous  devans  done  rechercher  des  systftmss  plus  Integra  dans  lesquels  le  plus  grand  nombre  de  fonc- 
tions  serait  rSalisd  par  les  memos  organes  dans  toutes  les  configurations. 

Pour  cela.  nous  aliens  passer  en  revue  les  proc6d6s  utilisables  pour  atteindro  les  objectifs  fix6s. 


4.  PROCEOES  UTILISABLES. 


Les  deux  objectifs  principaux  sont  : 

- une  augmentation  du  debit  au  dficollago  de  50  % au  moins  par  rapport  au  moteur  de  base  monoflux, 

- une  diminution  de  la  vltesse  d’SJectlon  au  dficollage  de  20  % au  moins  par  rapport  au  moteur  de  base. 

Pour  la  clartS  ds  I’exposfi,  nous  etudlerons  separemont  les  proc6d6s  qul  permettent  d’atteindre  chacun 
de  ces  objectifs.  Cette  separation  est  artificiolle,  car  un  mSme  disposltif  entralne  simul tenement  une 
variation  du  ddblt  et  de  la  vltesse  d’ejection. 


4.1.  Procfldfis  d’augmentatlon  du  dfiblt  (planche  n°  4). 

4.1.1.  Gavage. 

Ce  proeedS,  qui  consists  4 placer  devant  le  compresseur  BP  du  moteur  de  base  un  compresseur  supple- 
mentalre,  oeut  6tre  Scartfi  tmmfidiatement.  En  effet.  lo  compresseur  de  gavage  doit  6tre  dimensionnfi  pour 
le  dSbit  total  en  configuration  d^collage,  1’objectif  d’encombrement  ne  peut  done  pas  Stre  attaint. 

4.1.2.  Injection. 

En  configuration  dScollage,  un  d6blt  d'air  supplementalre  est  Injects  par  un  ou  plusieurs  compres- 
seurs auxillaires  entrd  les  deux  parties  numerot^es  1 et  2 du  compresseur  BP.  Le  taux  de  compression  du 
compresseur  1 est  relev6  et  sa  garde  au  pompage  diminuSe  par  cette  operation,  reeiproque  d’une  diebarge. 


Un  tel  dispositlf  peut  §tre  rAalisA  da  faqon  A ne  pas  dApasser  le  maltre  couple  A l'entrAe  du 
compresseur  1 en  plagant  les  compresaeurs  d' injection  au  niveau  d'une  partie  Atroite  du  moteur  de  bane. 

Ce  procAdA  employA  seul  ne  fournit  paa  une  augmentation  da  dAbit  auffiaante,  car  la  quantity  d'air 
injects  eat  limitAe  par  la  marge  au  pompage  du  compresseur  1. 

4.1.3.  SystAme  sArle-paraHAls, 

Ce  procAdA  eat  basA  aur  l’emploi  de  compresaeurs  assurant  des  fonctiona  diffArentes  suivant  la 
configuration. 

L’ augmentation  de  dAbit  au  dScollage  est  obtenue  en  disposant  en  parallAle  deux  compresaeurs  1 et  2 
qui,  dans  la  configuration  de  croisiAre,  sont  disposes  en  sArie.  Ainsi,  le  compresseur  1 assure  la 
compression  secondaire  au  dScollage.j  et  le  compresseur  2 assure  la  fonction  de  compresseur  BP.  La  commu- 
tation d’une  configuration  A 1 ‘autre  nAnessite  une  vanne  avec  croisement  de  flux  A dAbits  AlevAs  sous 
faible  pression,  dont  la  realisation  est  dAlicate  et  1 ’encombrement  important,  tant  en  longueur  qu’en 
diamAtre. 

4.1.4.  SystAmes  annexes  dAbrayables. 

Oans  cu  procAdA,  1 ’accroissement  de  dAbit  est  fourni  par  un  systAme  sAparA,  hors  service  en  confi- 
guration A faible  dAbit,  qui  n’augmente  pas  le  dAbit  A 1’entrAe  du  monoflux,  et  ne  lui  emprunte  aucun 
organs,  mais  an  regoit  la  puissance  qui  lui  est  nAcessaire. 

Ce  debit  supplAmentaire  peut  Atre  aspire  par  une  soufflante.  Les  puissances  mises  en  Jeu  6tant  trop 
AlevAes  pour  qu’un  embrayage  puisse  Atre  envisage,  la  transmission  mecanique  n’est  possible  que  si  la 
soufflante  est  accoupiee  A un  arbre  monoflux  qui  est  arr§t6  en  configuration  A faible  debit  ou  encore, 
si  la  puissance  prAlavAe  par  la  soufflante  peut  Stre  annulAe  en  croisi&re,  par  un  systems  de  geometric 
variable  sur  la  soufflante. 

Les  transmissions  eiectrique  et  pnsumatique  peuvent  §tre  utilisAes. 

La  soufflante  peut  Atre  integree  A la  nacelle  (soufflante  unique  montAe  autour  du  moteur,  ou  petites 
soufflantes  disposAes  en  barilletl  ou  escamotable. 

Enfin,  1 'accroissement  de  debit  peut  ainsi  3tre  obtenu  par  des  trompes  alimentAes  par  de  l’air  ou 
des  gaz  faurnis  par  le  monaflux.  Un  tel  dispositif  presents  peu  d’intArAt  par  suite  de  son  poids,  de  son 
encombrement,  de  son  niveau  de  bruit  interne  AlevA  et  de  ses  performances  mAdiocres. 

4.2.  ProcAdAs  utlllsables  pour  dlmlnuer  la  vltesse  d’6jectlon. 

□n  peut  agir  au  niveau  du  cycle  du  moteur  de  base  ou  au  niveau  du  Jet. 

4.2.1.  flodlfication  du  cycle  du  moteur  de  base. 

On  peut  diminuer  l’energie  disponible  aprAs  les  turbines  en  diminuant  la  pression  dans  ‘a  chambre 
de  combustion.  Ce  procAdA  peut  rarement  Atre  employe  seul,  il  entrains  une  degradation  du  rendement  du 
cycle.  On  peut  aussi  augmenter  le  taux  de  detente  des  turbines  : 

- en  diminuant  la  temperature  entrAe  turbine,  ce  qui  entrains  une  diminution  de  la  poussAe, 

- en  diminuant  le  rapport  debit  des  turbines  / dAbit  das  compresaeurs,  suit  par  prelAvement  d’air,  ce  qui 
diminue  Agalement  la  poussee.  soit  en  augmentant  le  dAbit  des  compresaeurs, 

- en  prelevant  de  la  puissance  sur  les  arbres  par  un  systAme  dAbrayable.  Ce  procedA  peut  s' employer  seul, 
sans  modifier  la  partie  amont  du  cycle. 

Les  premiers  procAdAs,  baisse  de  pression  chambre.  baisse  de  temperature,  diminution  du  dAbit 
dAtendu,  interviennent  simuitanAment  sans  qu’il  soit  possible  de  les  sAparer.  sauf  si  on  introduit  des 
geometries  variables  sur  Ion  distributeurs  de  turbine. 

4.2.2.  PrAlAvement  de  puissance  sur  le  jet. 

On  peut  prAlever  cette  puissance  soit  sous  forme  de  ehaleur,  soit  sous  forme  d’Anergie  mAcanique. 

Le  prAlevement  de  ehaleur  ne  peut  se  faire  que  par  un  Aehangeur.  Un  tel  dispositif  est  lourd  et 
encombrant.  induit  das  pertes  de  charge  importanteo  et  ne  permet  qu’un  prelAvement  d’energie  moderA 
sous  une  forme  diff ici iement  utilfsable. 

Le  prelAvement  d’energle  mecanique  peut  se  faire  i 

- par  une  turbine.  Cette  turbine  doit  pouvoir  6tre  mise  hors  service.  La  solution  consistant  A la  retlrer 
de  la  velne  est  pratiquement  IrrAalisable.  La  solution  consistant  A la  rendre  transparente  est  dlffi- 
cllement  realisable,  ear  elle  Impliqua  une  gAomAtrie  variable  non  seulement  sur  les  distributeurs,  mais 
aussi  s .(  les  aubes  mobiles.  Oe  plus,  les  pertes  de  charge  seraient  importantes. 

- par  un  systAme  magnAtohydrodynamique.  Ce  systame  serait  lourd  et  d’un  rendement  mediocre. 

- par  une  trompe. 

L’Anergie  est  ainsi  eommuniquAe  direetement  A un  autre  flux,  mais  avec  un  mauvais  rendement.  Oe 
plus,  la  masse  et  1* encombrement  d’un  tel  systAme  sont  Inaeeeptablas. 


Nous  allons  maintenant  illustrer  1 ’utilisation  des  proc6d6s  qul  viennent  d'Stre  ddcrits  par  des 
examples  de  moteurs  A cycle  variable  envisagda  Juaqu’A  ce  Jour  par  nos  concurrents,  les  avionneurs  et 
par  la  S.N.E.C.M.A. 


5.1.  Applications  du  procddd  adrle-paralldle. 

5.1.1.  Le  systdme  propose  par  ROCKWELL  (plancha  5)  constitue  une  solution  intermddiaire  entre  une  combi- 
naison  de  moteurs  mono-flux  et  double  flux  totalement  inddpendarts  et  das  systdmes  plus  intdgrds, 

II  est  compost  d'un  motaur  double  flux  double  corps  classique  et  de  plusiaurs  moteurs  monoflux 
monocorps  identiques  disposes  autour  du  double  flux. 

En  croisidre  supersonique.  les  monoflux  sont  alimentds  par  la  soufflante,  le  systdme  se  comporte 
alors  comme  un  ensemble  de  deux  cycles  monoflux  couplds  entre  eux  par  un  dchonge  de  puissance. 

Au  ddcollage,  les  moteurs  pdriphdriques  sont  alimentds  par  des  entries  d'air  latdrelas  et  la  souf- 
flante  du  double  flux  ddblte  dans  une  tuyere  sdparde.  Le  systems  se  comporte  alors  eomrr«  l’ensemble  d'un 
double  flux  et  d'un  simple  flux  inddpendants. 

En  croisidre  subsonique,  le  moteur  double  flux  est  utllisd  seul,  ce  qui  procure  une  excellente 
consommation  spdcifique. 

L’augmentation  de  ddbit  obtenuo  au  ddcollage  est  d’autant  plus  moddrde  que  la  commutation  rdrio- 
paralldle  n’est  effectude  que  sur  le  flux  secondaire  du  double  flux.  La  diminution  de  la  puissance 
thermique  dans  l’ensemble  des  chambres  est  elle  aussi  assez  faible,  puisque  le  ddgavage  n’affecte  que  les 
moteurs  pdriphdriques. 

Le  cycle  obtenu  en  croisidre  correspond  A une  poussde  spdcifique  dlevde,  done  A une  tralnde  de 
r-.,ceilo  acceptable  si  l'ensamble  ne  ddpasse  pas  le  maltre  couple  A l'entrde  de  la  soufflante.  Mflmo  en 
optimisant  le  cycle  en  croisidre,  ce  qui  n’est  pas  facile  puisqu’il  ddpend  de  six  paramdtres  inddpendants, 
la  consommation  sp6cifique  en  croisidre  est  supdrieure  de  2 A 3 \ A cells  de  l'OLYMPUS. 

5.1.2.  Sur  le  mdme  principe,  la  S.N.E.C.M.A,  a dtudid  la  configuration  reprdaentde  sur  la  plancha  6,  dans 
laquelle  un  moteur  simple  flux  unique  entoure  le  moteur  double  flux  central. 

Les  paliers  posent  les  mSmes  probldmes  que  pour  les  systdmeo  de  la  plancha  4. 

5.1.3.  La  planche  7 montre  1 'application  du  procddd  sdrie-parallSle  proposd  par  BOEING  sur  un  motaur 
monoflux. 

En  croisidre.  le  moteur  fonctionne  en  monoflux  double  corps. 

Aux  basses  vltesses,  une  partie  du  compressaur  BP  ast  utilisde  comma  soufflante,  l'djectlon  se  faisant 
par  des  tuydras  dlsposdes  autour  de  la  nacelle.  La  deuxidme  partie  du  compressaur  BP  est  allmentde  par  des 
entrees  d’air  latdrales. 

En  plus  du  probldme  d’encombrement  pose  par  crolsemant  des  flux,  le  ddgavage  du  flux  prlmaire  dlminue 
la  puussee  rdallsable  au  ddcollaga. 

5.1.4.  Pour  pallier  cet  Inconvenient,  PRATI  & WHITNEY  applique  ce  mdme  principe  au  flux  secondaire  d’un 
moteur  double  flux  (planche  aj.  c'arbre  BP  ports  deux  soufflantes  sdparees. 

Dans  la  configuration  croisidre  double  flux,  le  flux  secondaire  est  comprime  successivement  par 
chacune  Ues  deux  soufflantes. 

Dans  la  configuration  jdcollage,  triple  flux,  le  flux  comprime  par  la  premldre  soufflante  est  djeete 
par  des  tuyeres  laterales.  la  secunde  soufflante  est  alimentde  par  des  antrdes  d’air  supppdmentaires. 

L ‘augmentation  de  debit  ne  poi  te  que  s ,r  le  flux  seconddlre.  Le  cycle  de  croisidre  supersonique  est 
un  cycle  double  flux  i 11  faut  dune  utlllser  la  chauffe  du  flux  frold  pour  retaDllr  une  poussde  speclfl- 
que  eievee.  cecl  au  detriment  de  la  cunsommatlon  spdcifique. 


5 . . Mute_.*s  a debit  jugmente  par  un  systdme  annexe  debiayable, 

■j.-'.l.  ‘.iO-jf f 1 antes  mues  par  un  prdldvement  sur  le  jet. 

^a  planche  d "efi’.i  c _i!e  etude  5.N.L  .C.M.  A.  d * -.m  soteur  derivd  ue  1 ’OLYMPUS  da"s  lequel  l’accrois 
aemeht  du  debit  au  ddcoilage  cat  ubtenu  par  de  petitas  turbosuufxi antes  dlsposdes  a utoef  du  canal  de 
icunacfte.  allmentaes  pa!  un  pfelevement  Je  ga;  derrldre  les  turbines. 

. a cur  t:  li'iic  eriuumci eme'it  conduit  a limiter  le  prdldvement  d'dnergie  A une  partie  Ju  ddolt  fournt 


Avoc  un  pr614vsmont  de  l’ordre  ds  30  V on  psut  sntralnsr  das  soufflantss  da  taux  da  compraaaion  da 
l’ordre  do  1,0  A 2 at  rfiallser  un  taux  da  dilution  da  0,5  4 0,6,  ea  qul  partnat  da  na  pat  utlllaar  la 
rechauffe  au  dficollage.  Toutefola,  11  raate  un  Jet  prlmalra  rapida,  done  hruyant. 

5,2.2.  Transmission  pnoumatlqua. 

Las  aoufflantss  sont  entralnfies  par  das  turbines  allmontdas  an  air  comprlmfi  par  la  moteur  do  base. 

Las  turbosoufflantes  peuvent  fitre  lndlfffirerment  montdes  dans  la  nacelle  (soufflanta  unique  montfia  aut.ur 
d'une  partis  fitrolte  du  gSnfirataur  ou  petltes  turbosoufflantes  disposes  on  barlllet)  ou  hors  da  la  nacelle 
at  r6tractables  dans  une  partis  da  1 'avion. 

La  principal  problems  reside  dans  la  comportemant  du  gfinGrateur  hors  adaptation  at  son  aptitude  4 
fonctionner  avec  un  prfilSvemsnt  d’alr  important.  De  plus;  le  pr616vement  d’alr  tend  4 dimlnuer  la  poussAe 
realisable  au  decollage. 

La  planche  10  montre  un  des  syst6roes  etudl6s  par  la  S.N.E.C.M.A.  avec  pr6ievement  d'air  4 la  sortie 
du  compresseur  HP. 

Sur  ce  g6n6rataur  monoflux  double  corps,  pour  6viter  la  desadaptatlon  des  coirprasaeurs,  le  prdia- 
vement  d’air  eat  permanent. 

En  configuration  crolsi&re  supersanlqua,  ce  preievamsnt  aliments  une  chambre  de  combustion  secondalre 
et  une  turbine  accoupiee  4 l'arbre  GP,  puls  eat  melange  avec  le  flux  principal. 

Au  decollage,  cstte  chambre  et  cette  turbine  sont  mlse$  hors  service  et  le  prdlSvement  d’alr  aliments 
les  turbosoufflantes. 

Les  performances  en  croisiire  sont  deterioreas  par  les  partes  de  charge  dans  le  cycle  secondalre. 


6.  CONCLUSIONS. 

Ces  quelquas  examples  constituent  des  tentatlves  plus  ou  moina  heureuses  en  vue  de  sa  rapprocher  du 
moteur  4 cycle  variable  lddal,  tel  que  nous  1’avons  ddflnl. 

Nous  avons  montri  qu’il  y avalt  des  exigences  d’encombrement  at  de  performances  au  d6collage  et  on 
crolsifire,  qul  rendent  le  problems  triis  difficile  4 rSsoudra.  Toutefois.  11  convlent  de  signaler  que  las 
crltdres  qul  detexuiinent  le  choix  d’un  moteur  dependent  de  la  mission  de  l’appareil,  en  particuller  de  la 
vitesse  de  crolsldre. 

Les  problfimea  d'adrodynamique  externe  sont  plus  difficiles  4 Mach  2 qu‘4  Mach  2.7.  car  la  section  de 
captation  de  1 ’entree  d’air  est  plus  falble.  De  mfime,  1’utilisatlon  de  la  rechauffe  ou  de  la  chauffe  du 
flux  frald  est  molns  pdnalisante  en  ccnsommation  spScifique  quand  la  vitesse  de  croisl&re  augmente. 

Oans  tous  les  caa.  la  contralnte  encombrement  Impose  des  configurations  trfes  convlexea  avec  plusiBurs 
compresseurs  BP  integr6s  dans  la  m3me  nacelle,  fonctionnant  simultanSment  ou  non,  sulvant  les  conditions 
de  voi. 

En  plus  des  difficulty  Svidentes  d’ installation,  ii  en  rgsulte  Sgalement  des  diffleultes  de  fonc- 
tionnement  au  niveau  de  la  conception  mfime,  ear  11  faut  imagine!'  un  syst£me  procurant  une  grande  soupleese 
dans  1‘utillsatlon  de  ia  puissance  produite  par  le  moteur  de  base. 

11  est  souhal table  de  rechereher  des  eomposants  dont  les  earacteristiques  soient  satisfalsantes  dans 
un  large  domains  de  fanctionnement.  notamment  par  I’utlUsatlon  de  geometries  variables  sur  les  convres- 
seurs  ou  les  turbines,  ce  qui  aecrolt  encore  la  complexity 

Nous  avons  dgalement  deftnl  les  prineipes  d’ augmentation  de  debit  ou  de  prelevement  de  puissance 
utilisables  dont  nous  n'avons  pas  dpuise  toutes  les  applications.  II  faudra  encore  deplcyer  beaueoup 
d’ Imagination  et  d’invention  avant  d'aboutir  a des  solutions  reallsables  pratlquement. 


DISCUSSION 


E.A.Willis 

Have  you  estimated  the  weight  of  these  engines  and  their  performance  over  the  full  flight  spectrum? 

Author’s  Reply 

Non.  Pour  l’instant  nous  n’avons  fait  que  des  etudes  portant  sur  les  performances.  II  s’agit  uniquement  d'etudes 
theoriques  et  d’etudes  thermodynamiques  dans  les  differents  cas  de  vol. 


E.A.Willis 

Do  the  thermodynamics  studies  include  off-design  as  well  as  point  design  considerations? 

Author’s  Reply 

Nous  cherchons  a obtenir  des  performances  a niveau  de  poussee  donne  en  croisiere,  au  decollage,  et  en  transsonique, 
et  dans  chaque  cas  de  vol  nous  cherchons  a optimiser  egalcmcnt  les  consommations  specifiques,  enfin  surtout  pour 
les  croisieres. 


J.F.  Chevalier 

Je  prends  la  parole,  II  est  dommage  que  Mr  Willis  n’ait  pas  pu  lire  la  totalite  de  son  texte  dans  lequel  il  y avait  un 
chapitre  que  expliquait  que  le  moteur,  qui  doit  avoir  obligatoirement  deux  compresseurs  BP  d’apres  Mr  Menioux,  a 
ete  abandonne  pour  diverses  considerations.  II  serait  apparu  qu’une  difference  essentielle  entre  les  deux  etudes  est  la 
difference  du  nombre  de  Mach  de  croisiere.  Je  crois  que  si  Monsieur  Menioux  pouvait,  pour  la  Table  Ronde  par 
exemple,  refaire  approximativement  sa  planche  No  2 qui  etait  la  base  de  sa  demonstration,  pour  le  cas  de  Mach  3,  il 
pourrait  peut-etre  faire  apparaitre  les  differences  li6es  aux  deux  applications.  Croyez-vous,  Monsieur  Menioux  que 
e’est  possible? 

Author’s  Reply 
Non. 


J.F  .Chevalier 
Dommage! 


H.Grieb 

In  figures  7 and  8 you  described  engine  arrangements  with  two  compressors  working  both  “in  series”  and  “in  para- 
llel” as  well.  During  the  switch  from  the  mode  “in  series”  to  the  mode  “in  parallel”,  the  pressure  level  in  the  rear 
compressors  drops,  i.e.  the  fluid  within  this  compressor  temporarily  tries  to  flow  in  forward  and  rearward  directions. 
This  may  cause  surge  of  the  rear  compressor.  Can  you  give  a comment  on  this  matter? 

Author’s  Reply 

Effectivement,  il  s’agit  d’un  probleme  tres  delicat.  La  configuration  representee  sur  la  page  8 necessite  effectivement 
un  systeme  de  croisement  des  flux  avec  une  vanne  permettant  de  passer  d’une  configuration  a l’autre;  mais  ce 
probleme  a ddjd  ete  resolu  par  Boeing. 


H.Grieb 

Yes,  the  reason  for  my  question  is  when  you  come  from  operation  in  series  to  operation  in  parallel,  you  have 
changed  in  the  first  case  HP  compressor  to  a low  pressure  level  and  you  open  an  area  in  front  of  the  HP  compressor 
to  a region  where  the  pressure  is  lower.  This  could  be  a problem. 

Author’s  Reply 

Non,  nous  avons  fait  des  etudes  purement  theoriques,  je  ne  suis  pas  en  mesure  de  rdpondre. 


VARIABLE-CYCLE  ENGINES  FOR  SUPERSONIC  CRUISE  AIRCRAFT 

by 

Edward  Willis 

National  Aeronautics  and  Space  Administration 
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Cleveland,  Ohio  44135 


SUMMARY 

Since  1973,  the  NASA  Lewis  Research  Center  has  been  conducting  studies  of  advanced 
civil  supersonic  engines,  including  Variable  Cycle  Engines  or  VCE's,  as  one  part  of  the 
Supersonic  Cruise  Aircraft  Research  (SCAR)  program.  This  paper  reviews  the  progress  and 
current  status  of  the  engine  study  work  to  date. 

VCE  rationale  is  first  reviewed.  It  is  pointed  out  that  the  VCE  is  a possible  means 
of  reconciling  the  necessary  but  sometimes  contradictory  performance,  economic  and  en- 
vironmental requirements  that  apply  to  modern  supersonic-cruise  aircraft.  Early  experi- 
ences showed,  however,  that  VCE's  may  be  excessively  complex,  heavy  and  expensive  unless 
significant  technology  advances  are  accomplished.  The  S(  AR  engine  studies  were,  there- 
fore, designed  to  identify  the  most  promising  VCE  concep  s,  simplify  their  designs  to  a 
more  practical  state,  and  define  their  advanced  technology  requirements. 

The  studies  were  conducted  primarily  via  contracts,  supplemented  by  a lesser  amount 
of  NASA  in-house  work.  Initial  efforts  involved  analyzing,  optimistically  but  in  little 
depth,  a large  variety  of  VCE  concepts.  In  subsequent  phases,  a progressively-greater 
depth  of  analysis  was  applied  to  a decreasing  number  of  surviving  candidates.  The  line 
of  development  leading  from  initial  to  final  concepts  is  reviewed  with  emphasis  on  the 
dual  impact  of  technology  advancements  and  design  simplification.  The  presently-favored 
VCE’s  (two  P&W  concepts  derived  from  a duct-burning  turbofan  and  two  GE  engines  based  on 
a mixed-flow  turbofan)  are  then  reviewed.  It  is  shown  that  all  have  benefitted  signifi- 
cantly from  recent  SCAR  technology  advances,  such  as  the  "co-annular  noise  benefit" 
effect.  The  impact  of  each  technology  area  is  discussed.  It  Is  also  shown  that  these 
simplified  VCE  cycles  and  technology  advances,  taken  together,  offer  major  performance, 
economic  and  environmental  improvements  relative  to  the  1970  U.S.  SST  predictions. 

It  is  concluded  that  final  choices  among  the  current  VCE  candidates  will  depend  on 
application  and  Installation  factors  as  well  as  further  engine  study/design  and  technology 
efforts.  NASA's  tentative  plans  in  these  latter  respects  are  reviewed  in  the  final  sec- 
tion of  the  paper. 

INTRODUCTION 

Since  early  1973,  the  NASA  and  its  Contractors  have  been  conducting  studies  of  ad- 
vanced supersonic  Variable  Cycle  Engines  (VCE’s)  as  part  of  the  Supersonic  Cruise  Aircraft 
Research  (SCAR)  program.  This  paper  surveys  the  progress  and  current  status  of  recent, 
unclassified  engine  study  work. 

Technical,  economic  and  environmental  problems  were  sources  of  major  concern  which 
eventually  led  to  the  cancellation  of  the  U.S.  SST  program  in  1970.  Major  environmental 
concerns  were  primarily  focussed  upon  the  engine’s  noise  and  exhaust  emissions,  as  il- 
lustrated in  Fig.  1.  Other  technical  and  economic  problems  were  attributable  partly  to 
the  propulsion  system  and  partly  to  the  airplane.  These  resulted  in  excessive  weight 
and  cost  of  the  airplane,  together  with  high  fuel  consumption  and  inadequate  range. 
Consequently,  this  airplane  would  have  been  unable  to  serve  many  of  the  economically 
desirable  city  pair  combinations.  These  factors  would  have  caused  the  airplane  to  be 
costly  to  operate  and  to  offer  a relatively  poor  return  on  its  investment.  Inflation 
together  with  recent  increases  in  the  price  of  fuel  would  have  made  the  situation  even 
worse  today. 

The  one  unmistakable  lesson  to  be  learned  from  this  experience  is  that  any  future 
U.S.  civil  supersonic  airplane  must  be  environmentally  acceptable  and  economically 
viable.  The  sometimes-conflicting  requirements  of  economic  viability  and  environmental 
acceptability  create  major  problems  for  the  propulsion  system.  Their  practical  engi- 
neering solutions  entail  essentially  contradictory  design  trends,  e.g.,  high  bypass  vs. 
low  bypass.  Unfortunately  we  cannot  turn  to  contemporaty  engines  for  relief.  The  U.S. 

J5o  and  J93,  although  capable  of  cruising  at  Mach  3 or  above,  are  relatively  old  designs 
and  are  not  suitable  for  an  advance!  supersonic  transport.  Modern  U.S.  military  engines 
such  as  the  F100,  J101,  and  F101  wore  essentially  designed  for  sustained  subsonic  cruise 
efficiency  with  only  a high  Mach  number  dash  capability.  Their  performance  and  service 
life  characteristics  for  sustained  supersonic  cruise  would  be  unacceptable  for  the 
applications  envisioned  now. 

There  are  many  ways  to  build  a VCE  and,  as  a matter  of  historical  interest,  some  of 
the  early  ideas  are  described  in  refs.  142.  For  this  discussion,  however,  a VCE  is  best 
defined  by  what  it  does  rather  than  how  it  is  built.  Functionally,  it  is  an  engine  which 
accommodates  at  least  two  distinct  modes  of  operation:  (1)  a high  airflow,  low  Jet- 
velocity  mode  for  low  noise  takeoff  and/or  efficient  subsonic  cruise;  and  (2)  a turbojet- 
like, higher  Jet  velocity,  lower  airflow  mode  for  good  supersonio  cruise. 


In  more  technical  terms,  the  motivation  for  this  "turbofan-convertible-  to-turbojet" 
definition  may  be  understood  by  reference  to  Fig.  2.  There,  weight  and  cruise-SFC  trends 
for  conventional  supersonic  engines  are  prese.  ted  in  terms  of  bypass  ratio.  Clearly, 
both  weight  and  subsonic  fuel  economy  favor  a fairly  high  bypass  ratio,  about  1.5  (turbo- 
fan mode).  Supersonic  cruise  on  the  other  hand  calls  for  a low  bypass  engine,  0.3  or  be- 
low when  fuel  economy  is  considered,  but  this  is  tempered  somewhat  by  the  adverse  weight 
trend.  With  a conventional  engine,  a compromise  bypass  ratio  (usually  in  the  0.5  to  1.5 
range,  depending  on  the  subsonic/supersonic  mission  mix)  must  be  chosen,  which  is  not 
really  optimum  for  either  requirement.  The  rationale  for  a VCE,  then,  is  its  potential 
ability  to  give  use  a better  compromise.  For  this  reason,  the  SCAR  propulsion  program 
was  oriented  to  include  VCE  concepts  and  related  technologies  in  addition  to  advanced 
conventional  engines.  It  consists  of  studies  and  related  technology  subprograms  which, 
collectively,  were  designed  to  Identify,  develop,  and  integrate  together  the  technologies 
needed  for  a successful  VCE.  The  study  phase  of  the  program  is  of  primary  concern  in 
this  paper. 

The  SCAR  Propulsion  studies  were  conducted  primarily  via  contracts  to  GE  and  P&W, 
with  a major  subcontract  to  Boeing.  Early  phases  of  the  studies  involved  analyzing,  op- 
timistically but  in  little  depth;  a large  variety  of  VCE  concepts.  The  results  showed 
that  VCE's  may  be  prohibitively  complex,  heavy  and  expensive  unless  significant  design 
and  technology  advances  are  accomplished.  The  final  phases  were,  therefore,  intended  to 
identify,  refine  and  compare  the  most  promising  VCE  concepts,  simplify  their  designs  to- 
ward practicality  and  define  their  advanced  technology  requirements.  The  presently- 
favored  and  runner-up  engines  (a  P&W  advanced  duct-burning  turbofan,  a P&W  valved  deriva- 
tive of  the  duct-burner  and  two  GE  engines  based  on  a mixed-flow  turbofan)  are  first  re- 
viewed. Their  performance  in  typical  advanced  supersonic  transport  airframes  is  then 
compared  to  that  provided  by  first-generation  SST  engines.  The  impact  of  each  major  tech- 
nology area  is  discussed  and  the  technology  needs  of  the  preferred  engines  are  reviewed. 

The  final  fate  of  the  VCE  idea  will  depend  on  application  and  installation  factors, 
further  engine  design  and  technology  efforts,  and  the  possible  emergence  of  even  more 
attractive  VCE  cycles  from  continuing  studies.  Future  issues,  options,  and  potential 
program  plans  in  these  areas  are  briefly  reviewed  in  the  final  section  of  the  paper. 

THE  SUPERSONIC  CRUISE  AIRCRAFT  RESEARCH  PROGRAM 

The  NASA  Supersonic  Cruise  Aircraft  Research  (SCAR)  program  was  instituted  in  early 
1973  and  is  expected  to  continue  into  the  1980's.  In  contrast  to  the  earlier  SST  project, 
the  SCAR  work  is  not  aimed  toward  a production  airplane,  but  rather,  It  is  intended  to 
establish  a data  base  of  advanced  technology  to  be  available  for  the  design  of  future 
supersonic  cruise  aircraft  if  and  when  the  U.S.  determines  it  is  desirable  to  build  them. 
The  various  elements  of  the  program  are  relevent  In  varying  degrees  to  both  potential 
civil  and  military  applications.  Elements  of  t’ e program  apply  both  to  the  airplane  struc- 
ture and  aerodynamics  and  to  the  propulsion  aystam;  however,  only  the  propulsion  related 
aspects  will  be  discussed  here.  As  shown  on  Fig.  3,  the  SCAR  propulsion  program  consists 
of  two  major.  Interrelated  elements;  namely,  engine  studies  and  technology  sub-programs. 
These  are  so  structured  that  one  supports  the  other.  The  engine  studies  define  the  ob- 
jectives and  directions  of  research  for  the  technology  sub-programs.  The  results  from  the 
technology  sub-programs  in  turn  feed  back  into  the  engine  studies  and  regenerate  them. 

As  indicated  above,  the  engine  studies  have  been  conducted  primarily  by  means  of  a con- 
tinuing series  of  contracts  to  the  Pratt  & Whitney  Co.  (refs.  3 and  !))  and  the  General 
Electric  Co.  (refs.  5 and  6),  with  a major  sub-contract  between  P&W  and  The  Boeing  Co. 
(described  in  refs.  4,  7-9).  Technology  sub-programs  involving  these  contractors  as  well 
as  others  have  been  launched  In  the  areas  of  noise  abatement  (refs.  10-13),  pollution  re- 
duction (refs.  l4-l6),  inlet  stabl’Uy  (ref.  17),  and  supporting  component  and  material 
programs  (e.g.,  ref.  18).  Referen, . 19  and  20  survey  the  SCAR  propulsion  and  airplane 

technology  programs  sponsored  by  the  NASA  Lewis  and  Langley  Research  Centers. 

Before  elaborating  on  these  programs,  we  would  like  to  illustrate  the  type  of  ad- 
vancements are  are  considered  possible  now,  based  on  results  to  date  from  the  SCAR  pro- 
gram. In  Fig.  it,  we  have  plotted  airplane  relative  gross  weight  vs.  relative  noise  foot- 
print area  (a  typical  measure  of  noise  annoyance)  for  representative  supersonic  transport 
airplanes  with  different  kinds  of  engines.  These  are  approximate  results  taken  from 
ref.  21  but  are  illustrative  of  the  major  trends.  For  reference,  we  have  indicated  on 
the  horizontal  axis  the  noise  annoyance  factors  typical  of  the  1970  U.S.  SST  (at  the 
right  hand  part  of  the  scale)  and  also  of  a representative  wide  body  subsonic  transport. 

The  performance  of  the  1970  technology  turbojet  powered  airplane  is  illustrated  by  the 
right  hand  band  on  the  figure.  As  mentioned  previously,  this  was  a heavy  airplane  and 
would  have  created  a severe  noise  impact.  Although  the  noise  impact  could  be  decreased 
by  scaling  the  engine  up  in  size  and  throttling  it  back  for  takeoff,  this  entails  a sub- 
stantial weight  penalty  as  indicated.  This  in  turn  makes  an  already  dubious  economic 
payoff  entirely  unacceptable.  But  by  taking  advantage  of  the  technology  breakthrough 
termed  the  "co-annular  noise  reductior  benefit"  identified  during  the  SCAR  propulsion 
program,  combined  with  variable  cycle  engine  concepts  to  be  discussed  1,'ter,  it  now  ap- 
pears that  the  noise  annoyance  due  to  this  type  of  an  airplane  can  be  reduced  by  a large 
factor  oompared  to  the  1970  U.S.  SST.  A less  dramatic  but  still  significant  improvement 
In  gross  weight  and  airplane  economics  is  also  indicated  and  is  due  to  a combination  of 
many  technology  advances,  in  ooth  the  propulsion  and  airframe  areas,  that  are  considered 
possible. 


Because  of  these  promising  developments  we  now  feel,  for  the  first  time,  that  the 
noise  objections  that  were  leveled  against  the  1970  SST  program  can  be  met  without  incur- 
ring prohibitive  economic  penalties.  An  equivalent  statement  cannot  yet  be  made  in  the 
exhaust  emissions  area,  despite  the  achievement  of  significant  improvements,  because  re- 
alistic standards  applicable  to  an  SST  do  not  exist  at  present. 

Engine  Studies 

Let  us  now  turn  to  the  SCAR  engine  studies  themselves.  Beginning  in  1973,  the 
studies  have  been  divided  into  4 distinct  phases  as  indicated  in  Fig.  5.  Phase  1 was 
organized  in  such  a way  as  to  exclude  no  reasonable  candidate  engine  from  consideration. 
Many  engines  were  studied  optimistically  but  in  very  little  depth,  see  refs.  3 and  5. 

Only  those  engines  which  were  obviously  unacceptable  under  this  optimistic  approach  were 
excluded  from  further  consideration.  Our  deliberate  intent  was  to  give  ohe  Variable 
Cycle  Engine  its  day  in  court.  After  the  unpromising  concepts  had  been  screened  out,  a 
smaller  number  of  survivors  received  a more  refined  analysis  in  Phase  2 (refs.  4 and  6). 
Four  finalists  survived  into  Phase  3 which  has  j t recently  been  completed  and  is  as-yet 
unpublished.  In  this  phase  a greater  depth  of  t.  alysis  was  accomplished  and  we  initiated 
preliminary  design  activities.  Based  on  the  results,  we  have  now  tentatively  Identified 
two  engines  which  appear  to  be  most  promising.  (Their  margins  of  superiority,  however, 
are  not  overwhelmingly  large;  the  runners-up  are  being  retained  as  backups  and  will  also 
be  described.)  In  Phase  4 we  are  Initiating  airframe  integration  activities,  continuing 
with  preliminary  design  and  developing  a series  of  technology  recommendations  relative  to 
the  favored  engines.  These  provide  the  engine  manufacturers  with  an  opportunity  to  de- 
fine, for  NASA's  consideration,  what  is  needed  in  terms  of  future  technology  programs  in 
order  to  bring  these  paper  engines  into  being.  As  illustrated  by  the  arrow  in  the  upper 
right  we  expect  that  these  activities  will  eventually  result  in  demonstrator  engines 
which  will  prove  the  concepts  that  are  being  contemplated. 

Before  proceeding  to  a discussion  of  the  currently-favored  engines,  it  seems  appro- 
priate to  briefly  review  the  evolution  of  the  VCE  idea  and  describe  how  it  may  be  im- 
pacted by  two  major  technology  area. 

Early  VCE  Concepts 

According  to  our  previous  definition,  a VCE  is  an  engine  that  does  the  right  things. 
The  many  attempts  that  have  been  made  to  actually  design  one  may  be  broadly  classified 
into  two  generic  approaches.  One  would  rely  upon  valves  or  equivalent  means  to  create 
two  or  more  discrete  flowpatho  upon  demand  within  the  same  engine  structure  - each  flow 
path  presumably  being  tailored  to  the  flight  condition  at  hand.  The  alternative  approach 
would  rely  primarily  upon  component  variability  and  spool  speed  variations  to  achieve 
equivalent  results. 

A typical  early  example  (Pratt  & Whitney,  ref.  3)  of  the  changing-flowpath  approach 
is  shown  in  Fig.  6.  Here  a valve  is  inserted  between  the  fan  and  compressor  of  an 
otnerwise-conventional  2-shaft  machine.  In  the  "turbojet"  mode,  the  valve  is  set  in  its 
straight-through  position.  The  fan  and  compressor  flow  in  series,  and  we  have  in  effect 
a two— spool , high  overall-pressure-ratio  (OPR)  turbojet.  As  such,  it  can  provide  very 
good  supersonic  performance.  In  the  "turbofan"  mode,  the  valve  mechanism  is  moved  to 
the  "crossover"  position  suggested  by  the  lower  sketc  i.  Fan  air  supplied  by  the  normal 
Inlet  is  bypassed  around  the  compressor  and  into  an  auxiliary  bypass  duct.  Meanwhile, 
additional  air  from  an  auxiliary  inlet  is  drawn  through  a second  set  of  channels  in  the 
valve,  into  the  compressor,  and  hence,  through  the  combustor  and  turbines.  Thus,  the 
engine  is  now  operating  at  a much  higher  (up  to  2X)  airflow  than  before  and  without  aug- 
mentation its  Jet  velocity  is  significantly  decreased.  In  this  mode,  the  engine  provides 
a low-noise  takeoff  mode  and  potentially  good  subsonic  SFC. 

By  the  standards  of  our  functional  definition,  this  engine  does  the  right  things. 
Numerous  objections,  however,  were  found  upon  closer  examination.  From  an  engine  manu- 
facturer's viewpoint,  it  developed  that  the  weight  and  pressure-loss  penalties  associated 
with  the  valve  were  significantly  larger  than  had  been  expected.  Since  the  core  is  de- 
supercharged  in  the  turbofan  (parallel)  mode,  the  OPR  is  considerably  below  the  optimum 
value  for  subsonic  cruise.  For  the  same  reason  a variable  (and  probably  multi-stage)  low- 
pressure  turbine  would  be  needed  to  provide  high  relative  work  extraction  in  the  turbofan 
mode,  and  lower  extraction  in  the  turbojet  mode.  From  the  airframe  point  of  view  it  was 
observed  that  the  requirement  for  an  efficient  auxiliary  inlet  implied  a major  design  and 
development  task  and  a significant  additional  installed-weight  penalty  (above  that  re- 
quired to  enclose  the  engine's  greater  length  and  diameter).  The  closed-off  bypass  duct 
also  would  entail  a sizable  base  or  boattail  drag  penalty  during  supersonic  cruise. 

Subsequent  efforts  were  aimed  at  removing  or  minimizing  these  complications.  As 
described  in  ref.  4,  many  alternatives  involving  front  valves,  rear  valves,  front  and 
rear  valves,  and  improved  valve  concepts  were  evaluated  iteratively  by  Pratt  & Whitney 
and  Boeing.  An  historical  review  of  this  process  is  given  in  ref.  22,  where  it  is  shown 
that  the  lessons  learned  also  apply,  to  come  degree,  to  more  conventional  engines.  The 
rear-valved  VCE  to  be  described  later  herein,  is  the  latest  and  apparently  best  example 
of  this  particular  line  of  VCE  evolution,  but  probably  not  its  end-point. 

The  variable-component/variable  speed  approach  is  most  attractively  represented  by 
the  Pratt  & Whitney  Variable  Stream  Control  Engine.  Essentially  a high-technology  duct 
burning  turbofan  incorporating  scue  of  the  component  and  control  features  discussed  in 


Ref.  22,  it  is  currently  the  favored  P&W  VCE  and  will  be  more  fully  described  later. 

Another  historically-significant  and  perhaps  more  spectacular  example  is  the  General- 
Electric  3-Spool  Double  Bypass  or  Modulating  Airflow  Engine  (ref.  5)  depicted  in  Pig.  7. 

It  is  a representative  sample  of  the  early  variable-component  approach,  although  there  are 
many  others.  It  is  of  particular  interest  here  because  it  was  not  only  the  beBt  VCE 
Identified  in  the  initial  QE  studies  (ref.  5),  but  also  because  many  of  its  characteristic 
features  have  survived  into  their  currently-favored,  much-simplified  version  of  the 
Double  Bypass  VCE. 

The  design  approach  for  this  engine  was  to  incorporate  the  maximum  practicable  amount 
of  turbomachinery  variability  into  a basic  duct-burning  turbofan.  By  utilizing  differ- 
ential speed  control  among  the  three  rotors,  variable  stator  geometry  and  properly  con- 
trolling the  three  variable  nozzle  exit  areas,  it  provides  (1)  a high-airflow,  unaugmented 
mode  for  low-noise  takeoff;  (2)  a constant-airflow  throttling  mode  for  efficient  subsonic 
cruise;  and  (3)  a relatively  low-bypass  augmented  mode  for  good  supersonic  performance. 

At  takeoff,  the  front  fan  block  or  group  of  stages  was  high  flowed  by  means  of  vari- 
able geometry,  speed  control  (i.e.  3peeding-up  the  inner  spool)  and  opening  the  outer  by- 
pass stream's  exit  area.  The  duct  burner  i3  not  lit.  Without  using  either  a mechanical 
suppressor  or  the  "co-annular  benefit"  (which  was  unknown  at  the  time),  the  Modulating 
Airflow  engine  was  capable  of  meeting  FAR  36  when  sized  to  be  competitive  with  a conven- 
tional reference  engine. 

Subsonic  cruise  throttling  is  accomplished  by  running  the  inner  roter  at  essentially 
constant  speed;  the  front  fan  block  then  maintains  its  constant  nominal  airflow  over  a 
wide  range  of  conditions.  The  intermediate  and  high  pressure  rotor  speeds  are  varied  to 
modulate  the  thrust.  The  excess  air  provided  by  the  front  block  (above  the  intermediate 
block's  air-swallowing  capacity)  passes  through  the  outer  duct  to  the  third  nozzle  exit. 
The  duct  burner  is  not  lit.  In  this  fashion,  constant  airflow  could  be  maintained  down 
to  approximately  puj6  of  maximum  dry  thrust.  This  provided  a significant  (-15X)  improve- 
ment in  subsonic  SFC. 

At  supersonic  cruise,  the  rotor  speeds  and  variable  geometry  features  are  modulated 
to  approach  turbojet  operation  as  closely  as  possible.  That  is,  the  high  pressure  and 
intermediate  rotors  are  run  at  maximum  speed  to  swallow  most  of  the  front  block's  airflow. 
The  outer  nozzle  meanwhile  is  at  or  near  the  closed  position  to  minimize  the  outer  bypass 
flow.  The  core  is  run  at  maximum  speed  and  is  high-flowed  to  swallow  as  much  as  possible 
of  the  intermediate  block's  air.  This  reduces  the  bypass  ratio  of  the  duct-burner  portion 
of  the  engine  and  hence  the  need  for  augmentation.  When  run  in  this  manner,  the  engine's 
supersonic  cruise  performance  was  found  to  be  within  1 or  2t  of  that  of  the  reference 
turbojet . 

Similar  measures  applied  during  the  mission's  climb/accel  segment  resulted  in  a con- 
sistently good  match  to  the  inlet's  flow  schedule  and  hence  fuel  savings  via  reduction  of 
installation  drags. 

Thus,  the  3-Rotor  Double  Bypass  or  Modulating  Airflow  engine  also  does  everything 
required  of  a VCE:  low  noise  takeoff;  fuel  savings  subsonically  and  during  the  climb/ 
accel  phase;  and  competitive  supersonic  performance.  Unfortunately,  these  desirable 
features  were  essentially  offset  by  a major  weight  penalty  (amounting  to  over  20,000  lbs 
per  airplane,  when  installed).  Depending  upon  the  flight  Mach  number,  the  resulting  air- 
plane's performance  ranged  from  just  competitive  to  somewhat  poorer.  Because  of  the 
weight  penalty  together  with  very  legitimate  concerns  over  the  engine's  complexity,  the 
3-rotor  approach  was  not  continued  pas  the  Phase  I SCAR  studies.  Instead,  an  effort  was 
made  to  incorporate  its  most  desirable  features  into  a lighter,  less  complex  and  more 
conventional  2-shaft  machine.  The  concept  was  retained  of  dividing  the  fan  into  two  dis- 
tinct blocks  or  groups  of  stages,  with  the  interblock  region  venvilated  by  an  auxiliary 
bypass  duct.  As  will  be  seen,  this  progress  in  design  simplification,  coupled  with  the 
technology  advances  discussed  in  the  next  two  sections,  has  finally  resulted  in  a highly 
attractive  ' E. 

The  Co-annular  Noise  Benefit 

As  previously  Implied,  the  "Co-annular  Noise  Benefit"  effect  is  considered  to  be  the 
major  "break  through"  in  the  SCAR  propulsion  technology  program.  Figure  8 illustrates 
what  is  meant.  Attention  is  first  directed  to  the  lower  right  hand  corner  of  the  figure. 
In  brief,  it  has  been  found  that:  (a)  if  the  flow  s treats  of  a two  stream  coaxial  nozzle 
are  so  arranged  that  the  high  velocity  stream  is  one  the  outside  and  the  low  velocity 
stream  is  on  the  inside;  and  (b)  if  in  addition  the  outer  nozzle  has  a high  annular 
radius  ratio;  then  the  noise  produced  by  this  arrangement  is  significantly  lower  than 
would  be  predicted  for  two  conventional  conical  nozzles  which  individually  have  the  same 
airflov/s  and  velocities  as  in  the  two  coaxial  streams.  This  effect  was  first  noted  by 
Pratt  & Whitney  during  SCAR  parametric  acoustic  testing  that  commenced  in  197^  (refs.  10- 
13)  and  was  later  confirmed  by  parallel  independent  testing  at  Generd  Electric  (as-yet 
unpublished).  It  is  of  the  utmost  significance  for  SCAR  VCE  concepts  since  these  inher- 
ently involve  (or  can  be  so  arranged  as  to  provide)  a coaxial,  high  radius  ratio  two 
stream  nozzle  flow  configuration  at  takeoff. 

It  should  be  noted  that  both  the  coaxial  flow  configuration  and  the  high  annular 
radius  ratio  are  necessary  to  obtain  the  maximum  benefit.  The  term  "co-annular  is, 
therefore,  used  as  a reminder  of  this  fact. 


I 

The  rest  of  the  chart  illustrates  the  sideline  noise  produced  by  either  conventional 
or  co-annular  nozzles  as  a function  of  the  Jet  velocity  averaged  over  the  two  streams. 

Two  bands  are  shown,  the  upper  one  for  conventional  nozzles  and  the  lower  one  for  co- 
annular  nozzles.  As  indicated  by  the  vertical  line,  the  1970  turbojet  operated  at  a rela- 
tively high  Jet  velocity  and  created  a noise  signature  12  to  15  dB  above  the  PAR  36  re- 
quirement, This  could  be  reduced  to  some  degree  by  oversizing  the  engine  and  operating 
it  throttled  back  to  lower  Jet  velocities  for  takeoff  purposes.  As  previously  mentioned, 
however,  this  results  in  severe  airplane  weight  and  econumic  performance  penalties;  so 
severe,  in  fact,  as  to  be  unacceptable.  When  a co-annular  nozzle  is  used,  on  the  other 
hand,  it  is  immediately  seen  that  the  noise  signature  is  8 to  10  dB  lower  than  that  of 
the  conventional  model.  If  in  addition,  the  engine  is  a variable  cycle  engine  which  is 
capable  of  taking-off  at  reduced  Jet  velocities  without  otherwise  penalizing  the  airplane, 
it  may  be  seen  that  a noise  signature  below  PAR  36  can  be  anticipated.  The  combination 
of  the  two  concepts,  namely,  the  co-annular  nqzzle  and  the  variable  cycle  engine,  results 
in  perhaps  10  - 12  dB  lower  noise  than  that  of  the  conventional  nonz'e  combined  with  the 
conventional  turbojet  engine.  This,  it  is  felt,  will  have  a decisi  j impact  on  the  en- 
vironmental acceptability  of  any  future  SST. 

The  application  of  this  revolutionary  concept  to  a duct-burning  turbofan  engine  is 
straightforward.  The  flow  stream  configuration  is  already  the  proper  one,  it  is  only 
necessary  to  tailor  the  cycle  to  provide  the  correct  velocity  and  radius  ratios.  It  Is 
also  adaptable  to  some  mixed-flow  engines  via  the  use  of  a ventilated  plug  nozzle  of  the 
general  type  discussed  in  refs.  23-25.  In  essence,  fan  air  or  inlet  ram  air  is  ducted 
to  the  plug  by  some  means  and  exhausted  from  an  annular  slot  in  the  afterbody.  The  above- 
mentioned  General  Electric  acoustical  research  program  has  shown  that,  depending  on  radius 
ratio  and  flow  conditions,  most  of  the  benefit  illustrated  in  Fig.  4 may  be  achieved  by 
this  arrangement. 

Pollution  - Reduction  Technology 

Let  us  now  turn  to  the  second  area  of  environmental  concern,  namely,  exhaust  emis- 
sions. Of  the  various  emission  criteria,  that  of  high  altitude  cruise  NOX  is  of  greatest 
concern  for  the  supersonic  transport.  In  Fig.  9,  we  illustrate  the  comparative  perform- 
ance of  several  combustor-  concepts  in  terms  of  its  relative  NOX  emission  index  at  super- 
sonic cruise.  As  Indicated  by  the  top  bar,  a conventional  combustor  such  as  was  used  in 
the  1970  SST  and  is  still  used  today  in  current  airplanes,  shows  the  highest  emission 
level  and  is  normalized  tp  1.0  on  this  relative  scale.  (The  normalizing  factor  varies 
from  about  20  gm/kg  to  50+  gm/kg  depending  on  cycle  conditions.)  This  may  be  compared  to 
a value  of  3 gm/kg  (0.16  to  0.06  relative)  which  ref.  26  tentatively  suggests  may  be  ap- 
propriate for  the  avoidance  of  appreciable  stratospheric  pollution  by  a future  SST  fleet. 

The  clean  combustor  concepts  developed  by  Pratt  & Whitney  and  General  Electric  under  our 
recent  SCAR  Experimental  Clean  Combustor  Program  (refs.  Ill  & 15)  show  relative  emission 
indices  of  approximately  0.1*  to  0.5,  on  the  same  scale,  in  burner-rig  experiments.  This 
level  of  performance  could  be  incorporated  in  a new  engine  program  starting  now.  Further 
improvement  Is  predicted  for  NASA’s  swirl  can  combustors  and  various  lean  combustor  con- 
cepts. Probably  the  most  hopeful  concepts  for  the  future,  however,  are  in  the  area  of 
pre-mix  combustors  and  the  catalytic  combustor  concept  (e.g.,  ref.  16).  NOX  indices  as 
low  as  1 gm/kg  (0.05  to  0.02  relative)  have  been  demonstrated  in  small  scale,  Idealized 
laboratory  experiments.  But  it  is  clear  that  a large,  lengthy  and  probably  expensive  pro- 
gram, including  both  fundamental  research  work  and  applied  development,  will  be  required 
to  translate  these  promising  concepts  into  reality.  Assuming  that  the  necessary  programs 
will  be  forthcoming,  we  anticipate  that  relative  values  as  low  as  0.25  may  eventually  be 
attainable  in  practical  engines,  (Absolute  levels  of  course  will  also  depend  upon  the 
specific  cycles  chosen. ) It  should  be  recognized,  however,  that  this  involves  our  enter- 
ing a new  and  relatively  unknown  area  of  technology,  and  this  has  yet  to  be  done  in  a 
serious  way.  The  above  estimates  are  therefore  uncertain,  as  are  the  projected  require- 
ments; either  or  both  may  change  significantly  in  the  future. 

Although  NOX  emissions  are  most  critical  for  an  SST,  it  must  be  recognized  that 
local  (airport-area)  emissions  must  also  be  environmentally  acceptable.  It  is  believed, 
however,  that  all  of  the  advanced  technology  primary  burner  concepts  would  be  capable  of 
meeting  the  "proposed"  standards  for  future  SST's. 

This  is  not  necessarily  the  case  for  augmentors,  however.  The  sea.  ".h  for  a locally- 
acceptable  augmentor  will  again  require  us  to  enter  an  uncharted  technology  area. 

CURRENT  VCE's 

Having  reviewed  early  VCE  concepts  and  two  major  impacting  technology  area,  it  is 
now  appropriate  to  turn  to  the  currently  favored  VCE's  themselves.  These  "paper"  engines 
are  the  "final  product"  of  the  SCAR  engine  studies.  Further,  more  refined  definitions  of 
these  engines  must  await  the  outcome  of  hardware  oriented  programs. 

Pratt  4 Whitney  Concepts 

The  currently-favored  . ratt  4 Whitney  VCE  is  illustrated  in  Fig.  10.  This  Variable 
Stream  Control  Engine  (VSCE)  has  the  flow  path  of  a conventional  duct  burning  turbofan. 

But  it  incorporates  an  unique  main  combustor  power  schedule  and  makes  extensive  use  of 
rotor  speed  control  and  variable  geometry  in  the  fan,  compressor,  primary  nozzle,  and 
secondary  nozzle  to  control  its  operating  bypass  ratio.  Because  of  this  capability,  the 
VSCE  qualifies  to  be  termed  a variable  cycle  engine.  Yet  It  is  of  striking  simplicity  in 
comparison  with  the  approaches  illustrated  previously  'n  Figs.  6 and  7. 


Under  subsonic  cruise  conditions  the  duct  burner  is  not  lit.  The  engine  then  is  p:e- 
clsely  a conventional  separate  flow  medium  bypass  turbofan  engine  (bypass  ~ 1.5)  and  it 
provides  relatively  good  subsonic  cruise  performance. 

For  takeoff,  acceleration  and  supersonic  cruise,  however,  additional  thrust  is  re- 
quired. This  is  obtained  by  lighting  the  duct  burner.  During  takeoff,  the  additional 
energy  supplied  by  the  duct  burner  results  in  higher  velocity  in  the  nozzle's  outer  annu- 
lar stream.  But  the  additional  noise  implied  by  this  condition  is  offset  by  the  co- 
annular  noise  reduction  benefit  that  was  discussed  earlier.  Thus,  the  engine,  when  taking 
off,  should  sound  more  like  a conventional  turbofan  engine  than  like  a high-performance 
supersonic  engine.  During  supersonic  cruise  operation  the  core  is  speeded  up  by  increas- 
ing the  temperature  in  the  main  combustor  and  by  manipulating  variable  geometry  features. 
Thereby,  the  bypass  ratio  is  decreased  and  the  need  for  augmentation  is  decreased,  result- 
ing In  specific  fuel  consumption  approaching  that  of  a well  designed  turbojet  engine. 

The  second  Pratt  & Whitney  VCE  is  depicted  in  Fig.  11.  This  Rear  Valve  VCE  (VCE- 
112C)  is  derived  from  the  duct  burning  turbofan  through  the  addition  of  a mixer/crossover 
valve  followed  by  an  additional  aft  turbine  stage  - both  located  downstream  of  the  normal 
LPT.  The  VCE-112C  has  two  distinct  operating  modes  depending  on  the  valve  position.  For 
takeoff,  acceleration  and  supersonic  cruise,  the  valve  is  in  the  "crossover"  position. 
I.e.,  core  air  bypasses  around  the  aft  turbine  and  exits  through  the  outer  annulus  of  the 
nozzle.  Thus,  the  core  cycle  is  that  of  a turbojet. 

The  fan  air  meanwhile  passes  through  the  duct  burner  (which  is  lit),  and  is  directed 
by  the  crossover  valve  into  the  aft  turbine,  where  a significant  amount  of  energy  is  ex- 
tracted to  help  drive  the  LP  system.  The  fan  air's  cycle  is  also  that  of  a turbojet; 
hence,  this  mode  of  operation  is  referred  to  as  the  "twin-turbojet  mode."  Its  supersonic 
performance,  however,  is  not  quite  as  favorable  as  this  name  implies,  because  neither 
"turbojet"  cycle  is  of  the  optimum  pressure  ratio  and  because  of  pressure  losses  and 
weight/volume  penalties  due  to  the  valve  and  aft  turbine.  Its  advantages  are  relatively 
low  weight  (due  to  the  high  "bypass"  ratio  of  about  2.5)  and  an  advantageously-shaped 
supersonic  throttle  curve.  I.e.,  since  the  duct  burner  is  upstream  of  a turbine  stage, 
high  augmentations  can  be  accomplished  for  significantly  less  SFC  penalty  than  in  the 
VSCE's  case.  The  resulting  "flat"  throttle  curve  in  turn  provides  the  airplane  designer 
with  additional  flexibility  in  terms  of  engine  sizing. 

Subsonically , the  valve  is  in  the  "mix"  position  and  the  duct  burner  is  not  lit. 

The  combined  fan  and  core  streams  pass  through  the  aft  turbine.  The  corrected  flow  is 
about  the  same  as  that  provided  by  the  augmented  fan  stream  alone  in  the  supersonic  twin- 
turbojet  mode.  The  aft  turbine,  however,  extracts  relatively  little  power.  The  engine 
thus  behaves  as  if  it  were  a conventional  mixed  flow  turbofan  for  subsonic  cruise. 

A major  disadvantage  of  the  VCE-112C  is  that  the  earlier-discussed  coannular  noise 
benefit  may  not  apply  fully.  That  is,  the  nozzle's  central  stream  at  takeoff  (which 
originated  in  the  duct  burner)  is  relatively  large  and  of  high  velocity  compared  to  that 
of  the  VSCE.  There  is  hence  a core  Jet  noise  "floor"  which  will  probably  limit  the  co- 
annular benefit  to  no  more  than  50*  of  that  shown  in  Fig.  5. 

A third  Pratt  4 Whitney  engine  of  interest  (but  not  illustrated  herein)  is  a modern- 
ized conventional  mixed  flow  turbofan  with  a relatively  low  (O.it)  bypass  ratio  known  as 
LBE-430.  Although  lacking  obvious  VCE  features  such  as  valves  or  coaxial  flow  streams, 
it  incorporates  the  identical  general  technology  assumptions  (materials,  temperatures, 
component  efficiencies,  stresses,  cooling  techniques,  etc.)  that  were  built-into  the 
Pratt  4 Whitney  VCE's.  It  also  utilizes  rotor  speed  control  and  variable  geometry  fea- 
tures (to  the  extent  posriblo)  as  in  the  VSCE-502B,  to  maintain  a degree  of  control  over 
the  operating  bypass  ratio.  As  will  be  seen  later,  it  provides  excellent  performance  at 
low  airflow  sizes  if  noise  constraints  are  ignored.  Unfortunately,  the  coannular  benefit 
doe3  not  ap^'v  to  this  engine  in  its  present  form.  Hence,  this  engine,  alone  among  those 
considered  herein,  would  require  either  the  use  of  a mechanical  noiae  suppressor  (with 
its  attendant  risks  and  penalties)  or  a greatly-oversized  engine  for  throttled-back  take- 
off. It  is  a useful  yardstick,  however,  for  evaluating  the  merits  of  the  coaxial-stream 
VCE  concepts. 

Qenerai  Electric  Concepts 

The  other  preferred  VCE  concept  is  the  General  Electric  Double  Bypass  Engine  (DBE) 
shown  in  Fig.  12.  Like  the  Pratt  t Whitney  engine,  it  is  designed  to  take  full  advantage 
of  the  annular/eoannular  noise  benefit,  clean  primary  burners  and  augmentors,  advanced 
materials  and  other  SCAR  technology  developments.  But  where  the  Pratt  & Whitney  engine 
originated  as  a duct  burning  turbofan,  the  double  bypass  engine  is  derived  from  a con- 
ventional mixed  flow  turbofan  by  adding  features  from  the  3-roto**  engine  previously 
discussed. 

The  low  bypass  mixed  flow  engine  can  provide  excellent  supe; sonic  performance,  but 
13  prone  to  be  excessively  heavy  when  its  airflcw  is  sized  for  low  noise  takeoff.  As 
with  all  conventional  turbofans,  it  also  suffers  from  a significant  throttle  dependent 
drag  penalty  at  part  power  subsonic  cruise  because  airflow  decreases  along  with  thrust 
when  the  engine  is  throttled  back.  To  offset  these  penalties,  the  double  bypass  engine 
provides  a temporary  high  airflow  mode  for  low  noise  takeoff  and  the  capability  to 
throttle  at  constant  airflow  for  part  power  subsonic  cruise. 


As  the  figure  suggests,  this  is  physically  accomplished  by  dividing  the  fan  into  two 
distinct  blocks  or  groups  of  stages,  and  providing  an  auxiliary  duct  leading  from  the  in- 
terblock region.  The  resulting  flow  path  is  similar  to  that  of  the  3-rctor  engine,  but 
major  progress  in  design  simplification  has  been  achieved  - as  may  be  Inferred  by  compar- 
ing Pig.  12  with  Fig.  7.  Although  not  illustrated  here,  some  of  the  auxiliary  flow  can 
discharge  into  the  plug  and  exit  from  the  aft  surface  through  an  annular  slot.  This  pro- 
vides the  flow  configuration  and  geometry  needed  to  obtain  the  coannular  noise  benefit 
discussed  earlier. 

Three  distinct  operating  modes  may  be  recognized,  depending  on  the  fan  block  flow 
settings  and  whether  the  auxiliary  duet  is  open  or  closed. 

' In  the  low  noise  takeoff  mode,  the  auxiliary  duct  is  open,  the  front  fan  block  is  in 
its  high  flow  setting,  the  core  is  operated  at  maximum  takeoff  power,  and  maximum  energy 
is  extracted  by  the  low  pressure  turbine.  The  tailpipe  heater  is  not  lit.  In  this  mode, 
the  double  bypass  engine  provides  thrust,  airflow  and  Jet  velocity  characteristics  that 
would  be  typical  of  a larger  but  throttled  back  conventional  engine,  or  a higher  bypass 
engine.  Note,  however,  that  only  the  front  block  is  high  flowed.  Hence,  there  is  sig- 
nificant weight  savings  compared  to  an  equal  noise  conventional  engine.  The  combination 
of  lower  mean  Jet  velocity  with  the  coannular  noise  benefit  results  in  an  engine  that  is 
remarkably  quiet  for  its  power. 

For  part  power  subsonic  cruise,  the  auxiliary  duet  is  again  open,  and  passes  the  ex- 
cess airflow  provided  by  the  front  block.  In  this  fashion,  a wide  range  of  throttling 
may  be  accomplished  at  constant  airflow,  thereby  eliminating  cr  minimizing  spillage,  boat- 
tail,  and  other  throttle  dependent  drags. 

In  the  high  power  mode  for  climb,  acceleration  and  supersonic  cruise,  the  auxiliary 
duct  is  closed,  the  core  is  at  or  near  maximum  continuous  power,  and  the  tailpipe  heater 

is  used  as  needed.  In  this  mode,  the  double  bypass  cycle  is  identical  to  that  of  the  con- 

ventional low  bypass  engine,  and  offers  essentially  the  same  performance. 

A second  General  Electric  VCE  of  potential  interest  is  the  Dual  Cycle  Engine  or  DCE 
(not  illustrated  herein).  It  is  also  a derivative  of  the  low-bypass  mixed  flow  turbofan, 
but  in  this  case  a relatively  simple  one.  As  its  name  implies  it  has  two  modes  if 
operation  - mixed  flow  and  separate  flow.  The  conventional  mixed  flow  mode  is  used  for 
climb,  acceleration  and  supersonic  cruise.  For  takeoff  or  subsonic  cruise,  the  bypass 
stream  is  diverted  from  the  normal  mixer  and  instead  exits  through  a separate  nozzle  open- 
ing. This  allows  che  engine  to  throttle  at  constant  airflow  over  a range  about  midway 
between  the  conventional  turbofan  and  the  DBE.  Since  the  separated  bypass  flow  could  also 

be  led  to  the  plug  as  in  the  DBE,  the  coannular  benefit  is  believed  to  be  applicable.  As 

will  be  seen,  this  less-complex  VCE  is  fairly  attractive  at  small  airflows  but  is  of  less 
Interest  in  a high-airflow,  low  noise  setting. 

ENGINE  COMPARISONS 

Experience  has  taught  that  the  engine  and  airplane  cannot  be  created  in  a vacuum, 
that  la,  developed  separately  from  each  other.  The  intent  of  engine  and  airplane  studies 
has  been  to  cause  Innovation  by  Identifying  problems  in  missions,  installations,  engine 
technical  constraints,  and  finally  aircraft  performance  and  range.  Figure  13  shows  the 
flow-path  of  the  studies  conducted  under  the  SCAR  program;  ref.  27  elaborates  upon  the 
method  of  analysis  and  presents  some  preliminary  NASA  results.  We  have  demonstrated  sig- 
nificant progress  by  this  approach.  Subsequent  charts  will  show  that  both  the  Pratt  & 
Whitney  and  General  Electric  engines  have  improved  significantly  as  the  SCAR  studies  pro- 
gres'ed.  In  each  case,  the  engine  concepts  have  changed  significantly,  driven  at  least 
in  part  by  the  airplane  requirements.  It  will  be  recalled  that  at  the  start  of  the  engine 
3tudie3,  there  were  many  engine  concepts;  but  in  ail  cases  the  requirements  have  tended 
towards  variable  cycle  engine  concepts  as  the  best  overall  solution. 

Pratt  J Whitney  Results 

The  performance  of  the  Pratt  & Whitney  engines  is  illustrated  in  Fig.  1U.  Here  we 
have  plotted  total  range  as  a function  of  engine  corrected  airflow.  For  reference,  the 
lower  curve  labelled  !,CTJ"  shows  the  performance  obtained  by  a hypothetical  current- 
technology  turbojet  engine.  The  airframe,  in  this  ease,  i3  representative  of  modem  NASA 
and  contractor  thinking  derived  rrom  the  SCAR  program.  It  is  an  arrow-wing  configuration 
weighing  approximately  100,000  pounds  at  takeoff  and  would  carry  275  to  300  passengers 
over  ranges  up  to  H.000  or  , 500  nautical  miles.  The  curve  labelled  "LBE-^O SM  is  for  the 
modem  Pratt  t Whitney  conventional  low  bypass  mixed-flow  engine  which  embodies  SCAR  tech- 
nology advances,  but  no  variable  cycle  engine  features.  It  represents  a major  advance 
over  the  early  engine.  In  unsuppresaed  form  (the  dashed  eurve)  it  would  appea*"  to  be  a 
"winner"  at  iow  airflows,  but  la  less  attractive  at  high  airflows.  Unfortunately,  this 
engine  in  its  present  form  would  require  a mechanical  sound  suppressor;  its  suppressed 
performance  illustrated  by  the  solid  curve,  i3  significantly  degraded.  Illustrated  next 
is  the  performance  of  the  variable  stream  control  engine,  VSCE-502B.  Clearly,  it  provides 
excellent  performance  even  at  low  engine  airflows.  Its  major  advantage,  however,  oceurs 
at  higher  airflow  levels  that  correspond  to  lower  noise  performance.  Finaily,  the  rear 
valve  VCE-112C  la  also  fairly  competitive  at  iow  airflows  but  less  attractive  in  larger 
sizes.  As  previously  mentioned,  this  engine  because  of  its  inherent  eyele  and  nossle 
geometry  characteristics  does  not  receive  the  full  coannular  noise  benefit.  It  therefore 
Is  less  attractive  than  the  curve  might  suggest  for  civil  uses.  For  other  applications. 


however,  or  if  a solution  to  this  problem  is  found,  it  could  well  merit  further  consid- 
eration. 

The  overall  results  are  summarized  in  bar  chart  form  on  the  other  part  of  the  figure. 
Here  we  have  shown  the  range  obtainable  for  several  different  engines  as  a function  of 
sideline  noise  (estimated  by  the  simplified  methods  of  ref.  27)  and  takeoff  field  length 
constraints.  The  results  are  shown  for  a long  and  short  field  length  and  for  noise  levels 
of  PAR  36  and  PAR  36  minus  5*  For  ease  of  comparison,  both  the  early  turbojet  and  the  LBE- 
430  have  been  credited  with  a mechanical  suppressor  which  confers  a 8-dB  noise  reduction 
(about  the  3arae  level  as  obtained  via  the  coannular  benefit).  In  both  cases  it  is  clear 
that  the  SCAR  conventional  engine  represents  a significant  advance  over  the  early  turbojet 
and  that  the  variable  stream  control  engine,  the  prefered  P4W  VCE,  represents  a further 
advance  over  the  modern  conventional  engine  at  airflows  corresponding  to  low  takeoff  noise. 

General  Electric  Results 

Similar  results  for  the  General  Electric  engines  are  illustrated  in  Pig.  15.  Here 
are  plotted  the  total  range  as  a function  of  corrected  airflow  for  the  1970  OE-4  SST 
engine,  for  the  GE  Dual  Cycle  Engine  (which,  but  for  its  presumed  ability  to  use  a co- 
annular nozzle,  is  essentially  a modernized  low  bypass  mixed  flow  turbofan  engine)  and 
for  the  Double  Bypass  Engine.  Again  for  ease  of  comparison,  the  GE-4  1s  credited  with  an 
8 dB  high-performance  suppressor,  while  the  two  VCE's  presumably  receive  about  the  same 
benefit  from  the  coannular  effect.  As  was  the  case  with  Pratt  & Whitney  engines  it  Is 
clear  that  the  modernized  turbofan  or  Dual  Cycle  engine  has  achieved  a significant  im- 
provement over  the  1970  SST  engine,  but  the  Double  Bypass  engine  in  turn  represents  a 
major  further  advance  - especially  in  the  high  airflow  regime  which  corresponds  to  low 
takeoff  noise.  The  bar  chart  in  this  figure  illustrates  exactly  the  same  trends.  Range 
again  is  shown  for  long  and  short  takeoff  field  lengthy  and  for  FAR  36  sideline  noise  and 
PAR  minus  5Db.  Noise  is  again  computed  by  the  aimplified  NASA  method  of  ref.  27,  in- 
dividual contractor’s  estimates  may  vary  somewhat.  It  is  clearly  evident  that  the  Double 
Bypass  variable  cycle  engine  represents  the  major  advance,  although  the  Dual  Cycle  is 
fairly  competitive  at  the  lower  airflows  that  correspond  to  greater  field  lengths  and 
higher  noise. 

TECHNOLOGY  REQUIREMENTS  AND  PROORAMS 

Mentioned  earlier  was  the  fact  that  one  abjective  of  the  SCAR  engine  studies  was  to 
define  the  technology  requirements  for  making  these  paper  engines  real.  Figure  16  is  a 
summary  of  the  major  technology  recommendations  presented  by  Pratt  4 Whitney  and  General 
Electric.  Clearly  needed  are  quiet  coannular  nozzles,  underlined  on  the  figure  because 
they  are  not  only  critically  needed  but  are  unique  comments  for  these  engines  and  not 
likely  to  be  developed  under  other  programs.  In  the  same  category  is  the  low  emmissions, 
efficient  duct  burner  which  is  characteristic  of  the  Pratt  4 Whitney  engines  alone.  Also 
needed  are  variable  geometry  fans,  ilow  control  valves,  advanced  low  pressure  turbines 
and  advanced  inlets.  There  is  a major  need  for  low-emmissions  primary  burners  as  well  as 
for  advancement  in  hot  section  technology  in  general.  As  previously  mentioned,  the 
favored  engines  obtain  improved  supersonic  performance  by  increasing  the  primary  burner 
temperature  and  speeding  up  the  core  as  the  engine  accelerates  toward  supersonic  cruise 
operation.  A consequence  of  this  inverted  temperature  profile,  is  an  inverted  duty  cycle 
in  which  the  engines  must  spend  perhaps  80S  of  their  life  times  operating  at  or  near  the 
maximum  possible  turbine  inlet  temperature.  By  comparison,  a conventional  subsonic  engine 
would  take  off  at  maximum  temperature  and  then  throttle  back  several  hundred  degrees  when 
It  reaches  cruise  conditions.  Thus,  advanced  cooling  techniques  and  advanced  high  temper- 
ature materials  are  of  the  greatest  importance  in  these  engines.  Finally,  because  of  the 
engines'  many  adjustable  features  that  must  be  continuously  monitored  and  controlled  in 
flight  for  safe  and  efficient  operation,  there  is  also  a need  for  advanced  digital  elec- 
tronic controls  as  indicated. 

To  address  some  of  these  needs,  NASA  has  instituted  test  bed  engine  programs  with 
both  Pratt  4 Whitney  and  General  Electric.  The  current  program  i3  austere  and  is  rela- 
tively slow  paced.  The  basic  Pratt  4 Whitney  test  item  is  a rear  end  assembly  comprising 
a duct  burner  and  a coannular  nossle.  In  lieu  of  a large  facility  air  supply,  this  as- 
sembly will  be  driven  by  an  F100  engine  rematehed  to  approach  the  Variable  Stream  Control 
Engine  cycle.  The  duct  burner  configuration  will  be  selected  on  the  basis  of  an  analytical 
screening  study  followed  by  segment-rig  tests  of  the  most  promising  configurations,  before 
the  boiler-plate  burner  is  assembled.  Similarly,  the  quiet  coannular  nossle  will  be  eval- 
uated by  means  of  aerodynamic  performance  and  acoustic  model  tests  before  the  boiler-plate 
nossle  is  constructed. 

NASA  is  also  addressing  the  General  Eleetrie  technology  needs  by  a test  bed  engine 
program.  This  is  being  closely  coordinated  with  military  programs  involving  related  con- 
cepts. Following  parallel  logic  with  the  Pratt  4 Whitney  work,  an  existing  military  en- 
gine (J-101  derivative)  will  be  used  as  an  air  supply  to  test  a new  aft-end  assembly  in- 
corporating a quiet  coannular  nossle.  The  military  demonstrator  includes  or  tan  be  made 
to  simulate  some  but  not  all  of  the  desirable  Double  Bypass  features  identified  by  the 
SCAR  studies.  It  can  be  rematehed  to  provide  an  excellent  simulation  of  the  selected  cycle 
at  takeoff  conditions,  and  a more  limited  simulation  at  other  conditions.  The  design  of 
the  quiet  nossle  will  be  established  by  further  analysis  and  aeroacoustle  model  tests  be- 
fore the  full-slsed  assembly  is  constructed.  In  addition,  a new  variable  geometry  front 
fan  will  be  rig  tested  separately  from  the  engine/nossle  test.  The  fan  rig  test  assembly 
will  be  sized  to  be  compatible  with  a future,  more  advanced  testbed  engine  embodying  all 


significant  features  of  the  Double  Bypass  Engine  concept. 

In  summary,  the  presently  planned  testbed  programs  will  accomplish  several  objectives} 
namely,  to  test  for  each  company  - General  Electric  and  Pratt  £ Whitney  - the  two  most 
critical,  most  unique  technology  requirements  identified  by  their  SCAR  engine  studies.  At 
Pratt  4 Whitney  this  comprises  a clean,  efficient  duct  burner  and  a quiet  coannular  nozzle. 
For  General  Electric  it  includes  a variable-flow  front  fan  block  and  a quiet  annular  noz- 
zle. It  as  emphasized  that  these  ere  critical  items,  unique  to  the  favored  engines,  and 
not  likely  to  bo  developed  elsewh?re.  Hopefully,  additional  needs  appearing  in  Fig^  16 
will  be  at  least  partially  addressed  by  other  NASA  or  military  programs.  If  not,  a size- 
able augmentation  of  the  testbed  and  related  SCAR  programs  may  be  necessary  in  the  future. 

CONCLUDING  REMARKS 


At  this  point,  we  have  reviewed  the  evolution  of  two  groups  of  VCE  concepts  and  shown 
how  they  have  been  favorably  impacted  by  design  simplification  and  by  technology  advance- 
ments in  many  areas  - particularly  in  the  area  of  acoustics.  Parallel  advancements  have 
been  achieved  in  the  airframe  area  by  other  parts  of  the  SCAR  program. 

What  is  the  overall  payoff  from  these  developments?  In  Fig.  17  is  shown  a plot  of 
subsonic  mission  leg  length  versus  the  airplane's  total  range  capability.  Several  city- 
pair  combinations  of  economic  interest  are  spotted  on  the  figure.  The  line  at  the  left 
indicates  the  estimated  performance  of  the  1970  United  States  SST  at  one  point  near  the 
close  of  that  program.  The  nearly  vertical  band  at  the  right  indicates  the  performance 
now  predicted  for  an  advanced  supersonic  transport  using  variable  cycle  engine  concepts 
and  taking  advantage  cf  the  SCAR  technology  advancements  that  have  been  diacuased.  As 
indicated  by  the  arrows  between  the  lines,  these  advancements  are  duo  to  improved  engine 
technology,  aerodynamic  and  structural  technology  advances  and  the  variable  cycle  concepts. 
Clearly,  a major  improvement  ir.  the  airplane's  ability  to  serve  potentially  attractive 
markets  has  been  identified  on  paper. 

What  can  be  dona  to  make  these  paper  engines  real?  By  the  SCAR  studies  we  believe 
that  we  are  identifying  what  needs  to  be  done  to  develop  a viable  option  for  some  future 
date.  By  the  testbed  programs  we  are  addressing  the  unique  and  most  critical  components 
for  each  of  tne  favored  VCEs.  Admittedly,  there  are  other  needs  which  are  not  now  being 
addressed.  But  we  believe  that  If  the  testbed  programs  are  steadfastly  pureued  to  their 
successful  conclusions,  the  logical  next  steps  will  be  forthcoming. 


REFERENCES 


1.  Klees,  0.  W.;  and  Swan,  W.  C.  (Boeing):  Prospects  for  Variable-Cycle  Engines.  In 

NASA  CR-128Q17,  Dec.  1972. 


2.  Johnson,  J.  E.  (GE) : Variable  Cycle  Engines:  The  Next  Step  In  Propulsion  Evolution? 

AIAA  Paper  No.  76-75^,  July 


Sabatells,  J.,  Pratt  and  Whitney  Aircraft,  Advanced  Supersonic  Propulsion  Study,  Jan- 
uary 197**,  Technical  Memo  **371;  alao  NASA  UH-l!336l3. 


t.  Rowlett- , R.,  Pratt  and  Whitney  Aircraft,  Advanced  Supersonic  Propulaion  Study  - Phase  2 
September  1975,  Rept.  5312;  also  NASA  CR-13**90**. 


5.  Ssellga,  R.  and  Aim..  R.  G. , General  Electric  Compnay,  Advanced  Supersonic  Technology 
Propulsion  System  Study,  July  197**,  Rept.  7**AEQ330»  also  KASA  CR-l**3b3**« 


6. 


Allan,  R. , General  Electric  company,  Advanced  SyPgS3?£i^'lgAh?0l0fi¥nLr?lu!*ilj.?  ,Sy--t  — 
Technical  Study  - Phase  2,  D^oemttr  Y975*  Rcpt*  75AEG503»  alto  NASA 


7.  Rowlett,  P.  A.,  Society  of  Automotive  Engineers,  Engine  Design  Considerations  for  2nd 

Generation  Supersonic  Transports,  (toy  1975*  Paper  75062B, 

8.  Klees,  G.  w.,  society  of  Automotive  Engineers,  Variable-Cycle  Engines  for  S3T.  Kay  1975 

Paper  750630. 


9.  Rowlett,  R.  A.;  and  Korlowski,  R.,  Society  of  Automotive  Engineers,  Variable  Cycle 
Engines  for  Advanced  Supersonic  Transports.  November  19T5>  Pap-’r  751086. 

10.  Kotlowski,  H.,  Packman,  A.  B.,  and  Gutierrez,  0.,  American  Institute  °*£;”^;*** 
and  Astronautics,  Aeroacouatlc  .'erfomance  Chnra-.  terlstlca  of  Dual  Burning  Turbofan 
Exhaust  Nocsles,  Jan.  ljtlt,  ?aper  76-l**d. 


11.  Paekman,  A.  8. , Koslowski,  H. , and  Qutlerrea,  0. • Amsriean  Institute  ef  Aeronautics 

and  Astronautics,  Jet  Kal?>e  Characteristics  of  Unsueprtssed  Duct  Burning  Turbofan 
Exnauat  System,  «raF'.'  T5’6,  Taper  7b- W 

12.  Koslowekl,  H.;  and  Packman,  A.  B. , Aero-Acoustic  Tests  of  Peat-Burning  Turbofan  Ex- 

haust No&slea,  NASA  CR-2628,  1976. 


13.  Kotlcwski,  R. ; and  Packman,  A.  8.,  Aero-Aeeuatia  Teats  of  Duct-Burning  Turbofan  Ex- 
haust Nosalea-Cor4>rehenslve  Data  Report.  NASA  CK-13*9I0.  1976. 


14.  Bahr,  D.  W.  and  Gleason,  C.  C.,  General  Electric  Company,  Experimental  Clean  Combustor 

Program.  June  1975,  Rept.  74AE0380;  also  NASA  CR-134737 

15.  Roberts,  R.,  Peduz2i,  A.,  and  Vlttl,  0.  E.,  Pratt  \ Whitney  Aircraft,  Experimental 

Clean  Combustor  Program  Phase  1 Pinal  Report.  October  1975,  Rept.  5153;  also  NASA 
CR-13^736. 

16.  Roberts,  P.  B.,  White,  D.  J.,  and  Shekleton,  J.  R.,  Solar  Division  of  International 

Harvester.  Advanced  Low  NO  Combustors  for  Supersonic  Hlgh-Altltude  Aircraft  Gas 
furblnes,  November  1975.  Rept.  Rl)ft-l314;  also  NASA  (Sft-l34869. 

17.  Cole,  G.  L. , Dustin,  M.  0.,  and  Neiner,  Q.  H.,  American  Institute  of  Aeronautics  and 

Astronautics,  A Throat-Bypass  Stability  System  for  a YF-12  Aircraft  Research  Inlet 
Using  Self-Acting  Mechanical  Valves.  September  - October  1975,  Paper  75-1101. 

18.  McDanels,  D.  D.  and  Signorelli,  R.  A.,  Effect  of  Angleply  and  Matrix  Enhancement  on 

Impact-Resistant  Boron/Alumlnum  Composites.  NASA  TN  D-8205.  1976. 

19*  Weber,  R.  J.,  NASA  Propulsion  Research  for  Supersonic  Cruise  Aircraft.  Astronautics 
and  Aeronautics,  May  19'H,  pp.  38-1*5. 

20.  Masclttl,  V.  R.,  Systems  Integration  Studies  for  Supersonic  Cruise  Aircraft.  NASA 

TH  X-72781,  September  l9t5. 

21.  Whitlow,  J.  B.,  Supersonic  Propulsion.  Aeronautical  Propulsion,  NASA  SP-381,  May  1975, 

pp.  441-457. 

22.  Willis,  E.  A.  and  Welllver,  A.  D.,  Supersonic  Variable  Cycle  Engines.  AIAA  Paper  no. 

76-759,  July  1976.  " 

23.  Straight,  D.  M. , Harrington,  D.  E.,  and  Nosek,  S.  M. , Experimental  Cold  Flow  Per- 

formance of  a Ram-Air-Cooled  Plug-Nozzle  Concept  for~Arterburnlng  Turbojet  Engines. 
NASA  TM  X-2811,  June  1973- 

24.  Harrington,  D.  E. , Nosek,  S.  M. , and  Straight,  D.  M.,  Cold-Flow  Performance  of  Several 

Variations  of  a Ram-Air-Cooled  Plug  Nozzle  for  Supersonic-Cruise  Aircraft . NASA 
TR  X-3iiOT  October  1974. K 

25.  Straight,  D.  M.,  Gas  Turbine  Exhaust  Nozzle.  U.S.  Patent  No.  3,780,827,  Dec.  25,  1973. 

26.  Orobecker,  A.  J.,  Coronltl,  S.  C.,  and  Cannon,  R.  J.,  Jr.,  U.S.  Department  of  Trans- 

portation, Report  of  Findings:  The  Effects  of  Stratospheric  Pollution  by  Aircraft , 

December  1974,  "Rept . "bOT-TST- 75-5 b'. 

27.  Whitlow,  J.  B.,  Effect  of  Airplane  Characteristics  and  Takeoff  Noise  and  Field  Length 

Constraints  on  Engine  'Cycle Selection  "for"  a "Mach'  SJ'  Cruise  Application.  NASA  TM 
3PTIH65,’  "January  197 57^ ~ “ 


SIDELINE  NOISE  RELATIVE  TO  FAR  36,  EPNDB 


SUBSC.MtC-PART  PO“'ER  (MAX  OUTER  DUCT  FLOW) 


MAX  POWER  MODE  (MIN  OUTER  DUCT  FLOW) 


Fig.7  3-Rotor  double  bypass  or  modulating  airflow  engine  concept 
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Fig.8  Coannular  noise  benefit 
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Fig.V  Status  of  cruise  NO.  emission  experiments 
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Fig.  1 S General  Electric  engine  comparison 
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Fig.16  Summary  of  VCE  technology  requirements  and  current  programs 
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Fi*.  1 7 SCAR  technology  payoffs 


DISCUSSION 


J.Kurzke 

It  is  known  that  surrounding  a subsonic  jet  by  an  about  50  percent  slower,  cold  jet  with  a bypass  ratio  of  ca  5 will 
give  a noise  reduction  of  about  5dB.  The  slower  id  is  outside.  Now,  your  report  quite  the  opposite,  namely  a high 
speed  jet  surrounding  a slower  jet  would  result  in  significant  noise  reduction.  Would  you  explain  the  different 
physical  phenomena  which  seem  to  be  the  basis  for  this  fact? 

Author's  Reply 

The  physical  phenomena  are  not  completely  understood  at  this  time.  Hopefully  we  will  know  more  definitely  in 
\'A  - 3 years  as  a result  of  further  testing  now  in  progress  or  planned.  Meanwhile,  I am  convinced  the  limited 
amount  of  testing  done  so  far  has  been  conducted  in  a scientific  manner.  I feel  fairly  comfortable  about  using  the 
data  in  hand  but  would  caution  against  extrapolating  into  new  regions. 

Apparently,  one  finds  some  noise  reduction,  for  both  cases,  where  outer  stream  is  slower  ox  faster  than  core,  but 
none  when  the  two  streams  have  equal  speeds. 


J.F  .Chevalier 

Je  voudrais  poser  un  question  complementaire  de  la  question  precedente.  Dans  la  planche  qui  compare  le  bruit  des 
jets  co-annuiaires  et  le  bruit  des  “conventional  nozzles"  - pour  la  courbe  des  “conventional  nozzles"  s’agit-il  d’un 
moteur  simple  flux  qui,  pour  une  vitesse  de  jet  donndc,  en  abscisse,  donne  la  meme  poussee  que  le  moteur  double- 
flux  VCE  examine4?  S’agit-il  d’un  moteur  double  flux? 

Author’s  Reply 

For  co.-  jnular  nozzles,  the  abcissa  refers  to  the  velocity  of  the  outer  stream  only.  The  inner  stream  is  moving 
slower,  hence,  for  a given  total  mass-flow,  there  is  indeed  a loss  of  thrust.  To  be  rigorously  fair  about  it,  we  should 
equalize  the  thrusts  before  drawing  final  conclusions.  One  way  to  do  this  is  simply  to  scale  up  the  coannular  system 
in  mass-flow  to  the  desired  thrust  level.  For  the  cases  of  concern  here,  this  doesn’t  decrease  the  benefit  significantly. 
For  example,  consider  the  data  shown  at  3000  ft/scc  on  the  chart  (Fig.  8 of  the  preprint).  Then  for  the  coannular 
system  the  inner  velocity  would  be  about  2000  ft/sec  and  the  mass-flows  of  the  two  streams  would  be  about  equal. 
To  give  the  same  thrust  as  the  conventional  nozzle  does  at  the  original  total  mass-flow,  the  coannular  nozzle  thus  has 
to  be  scaled  up  by  20%  - which  gives  a noise  penalty  of  less  than  1 dB.  In  this  case,  which  is  quite  representative  of 
the  comparison  between  a turbojet  and  a VCE.  the  benefit  is  more  realistically  8 rather  than  9 dB. 

On  the  other  hand,  we  could  also  equalize  the  thrust  by  reducing  the  conventional  nozzle’s  jet  velocity  to  about 
2500  ft/sec.  Comparing  this  point  to  the  coannular  value  at  3000  ft/sec  on  the  chart,  we  stib  ,ee  a benefit  of  6 to  7 
dB.  On  cither  basis  of  comparison,  the  reduction  of  jet  noise  is  significant. 


J.F.Chevalier 

Ce  n’est  pas  une  question.  J'ai  une  remarque  a faire.  Dans  les  comparaisons  de  bruits  entre  moleurs,  il  faut  faire  trtis 
attention  aux  chants  sonores  de  ces  moteurs  - on  peut  avoir  une  reduction  de  bruit  3 un  certain  angle  et  ne  pas 
I’avoir  a un  autre  angle  txis  important  pour  le  bruit  de  I’avion  et  des  reductions  peuvent  itre  diffdrentes  en  vol  de  ce 
que  t’on  a au  sol.  Est-ce  que  vous  pourricz  nous  dire  si  il  y a confirmation  aqjourd’hui  que,  en  vol.  ces  reductions 
seront  obtenues.1 

Author's  Reply 

No,  we  have  considerable  uncertainty  on  that  point.  I mentioned  in  the  preprint  that  there  are  some  caveats  that 
have  to  be  considered  in  regard  to  these  results.  One  being  the  question  that  still  surrounds  the  issue  of  forward 
velocity  effects,  the  other  being  simply  the  question  of  scale  effect.  In  conclusion  I only  can  say  that  nobody  knows 
for  sure,  but  based  on  theoretical  considerations  we  are  optimistic. 


U.R.Higtoo 

Regarding  the  VCE  schemes  that  you  have  presented,  and  in  particular  the  UE  double  by-pass  engine,  could  you 
please  comment  on  what  variables  could  be  required  to  enable  the  fan  to  switch  from  the  “tow  How"  mode  to  the 
"high  ‘tow“  mode? 

Author’s  Reply 

All  of  the  VCEs  I've  discussed  would  require  fans  beyond  the  present  state-of-the  art.  We  would  expect  to  use  some 
combination  of  stator-geometry  and  rotor-speed  control  in  order  to:  tat  maintain  airflow  while  throttling,  and, 
maybe  tb)  to  get  increased  airflow  at  take-off  for  lower  noise.  In  the  latter  case  we  have  to  play  a very  complex 
game  to  trade-off  fart  variability  features  vs  inlet  complications.  In  the  ease  of  the  DBE  we  are  just  starting  to  work 
this  problem  and  I can’t  predict  now  or  when  the  answers  will  come  out. 
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Summary 

This  paper  presents  a nxsneriaal  methodology  Which  enables  engineers  and  designers  to 
get  a prediotion  of  the  unsteady  flow,  through  turbo  jet  engines,  due  to  the  variation 
in  time  of  the  geometry  of  some  engine  oomponent.  The  approach  is  based  on  the  icka 
of  replacing  the  actual  bladings  with  actuator  discs,  which  deflect  the  gas  stream 
according  to  the  real  geometry.  Other  surfaces  of  discontinuity  simulates  the  in 
and  the  exaust  of  the  engine  and  the  combustion  dumber  as  regards  the  heat  input. 

The  computation  is  carried  on  by  integrating  in  time  (finite  difference  method ) the 
hyperbolic  partial  differential  equations  which  describe  the  gas  motion twith  a second 
order  of  accuracy  integration  scheme.  Nienerioal  examples  show  the  simulated  unsteady 
flow  originated  by  variation  in  time  of  stators  stagger  angles  (compressor  and  turbi_ 
ne)  and  of  exaust  no  sale  area.  ~ 


INTRODUCTION 

Large  attention  is  paid  today  to  the  so  called  "variable  geometry  turbojet  engines", 
owing  to  the  advantages  the  variable  geometry  components  offer  as  regards  the  flexibility 
of  the  propulsion  system  to  different  operating  conditions.  During  the  variation  in  time 
of  the  geometry  of  some  engine  element,  unsteady  flow  is  originated  and  pressure  waves 
travel  up  and  downstream  along  the  engine. 

The  aim  of  this  paper  is  the  presentation  of  a computational  procedure  which  enables 
engineers  and  designers  to  get  useful  informations  on  the  flow  field  through  the  engine 
during  these  transients.  It  should  soon  be  pointed  out  that  the  transients  we  refer  in 
this  paper,  may  be  ascribed  to  the  class  of  high  frequency  transients,  in  comparison  with 
those  where  the  low  frequency  is  related  to  the  relativelylarge  inertia  of  the  rotating 
components.  We  will  then  refer  here-after  to  the  unsteady  flow  in  the  meaning  usually  ac- 
cepted in  gasdynamics,  the  one  characterized  by  pressure  wave  propagation. 

Because  of  the  complexity  of  the  flow  field  In  a turbomachine  (even  under  the  assum- 
ption of  steady  flow)  it  is  clear  that  we  have  tomake  a certain  number  of  hypothesis  in 
order  to  create  a model  of  the  machine  simple  enoughhnd  suitable  to  be  studied  with  reaso 
liable  computations,  as  regards  computer  times.  Some  of  these  assumptions  may  be  probably" 
appear  questionable.  However  we  are  now  at  the  first  stages  of  this  investigation  and  we 
are  fooking  for  some  better  ways  for  modeling  the  actual  complicated  phenomena.  It  should 
even  be  kept  in  mind  that  too  much  sophisticated  and  accurate  models  may  require  a lar- 
ge amount  of  computational  points  and,  therefore,  too  long  computational  times. 

The  numerical  procedure,  here  presented  has  been  tested  with  some  numerical  examples 
describing  the  unsteady  flow  originated  by  the  geometry  variation  in  time  of  engine  compo 
nents  such  as  the  stagger  angles  of  stators  in  the  compressor,  the  stagger  angle  of  the  ~ 
turbine  nozzle  and  the  exaust  nozzle  area. 


BASIC  ASSUMPTIONS 

Ne  neglect  here  the  radial  gradients  of  any  fluid-dynamic  or  geometrical  parameter. 

We  assume  also  axisymmetrlc  flow.  Ne  neglect  the  effects  ^^ated  to  viscosity  and  seconds 
ry  flows.  We  assume  then,that  each  blading  (of  both  atatorsiir  the  turbomachines)  may  be 
replaced  by  actuator  discs;  these  are  surfaces  of  discontinuity  and  the  continuous  aerod£ 
namic  loading  along  the  actual  blade,  is  concentrated  on  them,  the  two  basic  phenomena  (de 
flection  through  the  blede  and  pressure  wave  propagation  along  the  machine)  are  splitters 
the  deflection  occurs  through  the  disc, while  the  wave  propagation  takes  piece  along  the 
actual  axial  length  of  the  blade. 

The  combustion  chamber  (and  the  after-burner  also)  is  concentrated  in  a surface  of  di 
■continuity  as  regards  the  ft  eat  input. 

All  these  assumptions  have  been  made  in  order  to  teep  as  low  as  possible  the  number 
of  computational  points  and,  therefore,  the  computational  times.  In  fac„  we  did-  in  the 
past,  many  numerical  experiments  where  we  avoided  tq^ake  all  these  assumptions  together. 
Ref.  1 refers  to  the  esse  where  the  actual  bladings  were  replaced  by  a field  of  forces 
such  thet  the  flow  tangency  to  the  blade  was  feposed  at  any  time  and  at  any  point,  instead 
of  concentrating  the  continuous  blade  loading  in  the  * 'tuator  disc.  The  numerical  examples 
reported  there  refer  to  the  unsteady  flow  in  axial  f. .w  compressors.  In  ref.  2 we  took  in 
to  account  the  radiai  gradients  in  order  to  extend  the  methodology  to  axi*  compressor, wT 
th  h gh  tip  to  hub  ratio  bladings.  Moreovet(Ue  are  presently  working  cn  the  predict  ton  of 
the  influence  of  peripheries!  distortion  at  the  inlet  of  axial  compressors  and,  in  this 
case,  we  are  considering  explieltely  periphcrical  gradients.,  avoiding  the  assumption  of 
axisymmetrlc  flow.  Ns  are  also  working  cn  models  for  simulating  combustion  chamber  and  af 
terburner,  with  a continuous  hast  ralaaae  along  the  engine  axis,  according  to  the  chemi- 
cal reaction  proceae. 


(*)  This  (•••arch  has  baas  suffertsd  by  tie  "CaoaisUa  Nasleaale  Sells  Riea*ebe“  (Cum taut  s.  lli.bIM, 
et  19  00999.0 »). 


Of  course  all  these  more  sophisticated  approaches  require  a relatively  large  number 
of  computational  points, and  computer  times  may  results  unacceptable  when  the  prediction 
of  long  transients  through  an  entire  turbojet  engine  is  required.  Moreover  we  point  out 
that  the  mentioned  hypothesis  may  fail  ,.n Ascribing  the  unsteady  flow  in  the  small  local 
scale,  but,  we  think,  it  is  possible  to  9t  a reasonable  good  description  of  the  most  im- 
portant features  of  transients  in  the  engine. 

Under  these  assumptions  we  may  then  consider  the  turbojet  engine  as  a sequence  of 
regions  with  continuous  flow,  which  are  separated  by  discontinuities  simulating  bladings 
or  heat  inputs.  The  numerical  procedure  will  be  then  carried  on  by  integrating  in  time 
the  unsteady  flow  equations  and  by  computing  the  flow  properties  on  the  two  side  of  each 
discontinuity,  by  matching  the  unsteady  flow  equations  in  the  neighboring  regions  with 
those  describing  the  physical  process  at  the  discontinuity. 


THE  EQUATIONS  OF  TKE  t+'  JION 


According  the  a Love  mentioned  assumption,  the  problem  is  formulated  in  terms  of 
cr:e-dlme',,sion*i;  unsteady,  inviscid,  compressible  flow.  Because  of  the  tangential  compo- 
nent of  the  velocity  (v),  w r si—.:’-*  add,  to  the  usual  set  of  equations,  the  tangential 
;aom>n';um  one.  All  the  p raraters  are  normalized  with  respect  to  reference  values « pressu 
re  ok  -nd  temperature  T.  ' ,>  t'ie  front  of  the  engine,  reference  velocity  c.  ■ •'P./'p.*  refe 
rerct  length  (axiai  length  o.  the  engine)  1.,  reference  time  t.  ■ l./c..  " 

The  flow  equations  are: 


(1) 


f pt  * uPx  ♦ sux  ' yua 

J ut  * uux  + TPx  • 0 

Vt  + uv  - 0 

l st  ♦ usx  - 0 


where  s P «■  In  (p/p.)  t T - exp 


o 


(continuity) 

( axial  momentum) 
(tangential  raomencnm) 


a 


dA/dx 


(duct  divergence) 


The  set  of  Eq.  T represents  hyperbolic  partial  differential  equations.  By  working  on  the 
first  two  equations,  one  may  find  two  characteristic  lines  wish  slopesi 


(2) 


x - u * a i (a  » SyTT 


The  compatibility  equations  along  these  lines  are: 

(3)  (Pt  ♦ X Px)  t * (ut  ♦ X ux)  » - yua 

The  third  and  the  fourth  equations  give  a third  characteristics  line;  its  slope  is: 

(4)  1'  a u 
Two  compatibility  equations  hold  on  it: 

(5)  vt  ♦ l‘vx  » 0 i St  ♦ i*Sx  * 0 

Eq. 1 are  used  for  computing  the  variation  in  time  of  pressure  (P),  the  two  components  of 
the  velocity  (u.v)  and  entropy  (S)  in  the  con  nuou*  flow  regions  bounded  by  the  surfaces 
of  discontinuity.  Eq.  1 are  treated  according  vO  the  finite  difference  method.  The  inte- 
gration follows  the  two  level  (predictor  - corrector)  scheme  suggested  by  Me  Cormaek. 

This  algorithm  is  ua<  d at  all  the  Interior  points:  different  procedure  are  adopted  at 

those  computational  points  which  are  located  at  the  discontinuities. 


COMPUTATION  AT  TUS  DISCONTINUITIES 

We  discern  different  discontinuity  surfaces  in  relation  with  the  physical  element 
replaced  by  the  discontinuityiwe  havefthen  inlet  and«aust  discontinuities  where  the  un  - 
steady  flow  inside  the  engine  is  matched  with  the  outer  flow, actuator  discjreplaeing  sta 
tors  and  rotors  of  the  turbemachines  and  discontinuity  surfaces  to  simulate  the  heat  in- 
put (combustion  chamber  or  afterburner). 

At  each  discontinuity  the  aigebric  quasi-steady  relationships,  which  describe  the 
flow  evolution  through  it,  are  written  an<^if ferentiated  inttme:  these  equations  are 
then  matched  with  the  flow  equations,  written  in  the  compatibility  forms  (Eq.  3 and  5) . 
The  resulting  derivatives  in  time  of  the  flew  properties  the  discontinuity  are  then 
integrated  in  time,  following  the  same  integration  scheme  . at  the  interior  points.  We 
show  here  the  detailed  procedure  at  each  boundary. 

a)  Inlet  (fig.  1) 

The  quasi  steady  relationships  -n  the  inlet  are  provided  by: 


r 


(6) 


T1  * 


hrr u!  -To  ♦ 1rr1  “ 


o 


V«  • 0 


where  the  subscript  *o  • refers  to  the  free  stream  conditions,  which  may  vary  in  time  as 
prescribed  inputs. 

Eq.  6 are  differentiated  in  tine  and  matched  with  the  conpatlbility  equation  (3)  on 
the  left  running  characteristic  (u-a) . The  time  derivatives  of  the  velocity  (u,t)  is  obta 
ined  and  integrated  in  time,  according  to  the  two-level  scheme  as  well  as  at  tne  interior 
points.  The  updated  value  of  the  pressure  (P^)  follows  from  Eq.  Eq.  6. 


b)  Bladings  (Fig.  2) 

The  quasi-steady  relationships  at  the  disc,  which  replaces 

f u1p1  u2p2 


‘1 


(7) 


lh  ♦ ir  lu!  * -l' i * i r '»?  * *?>!♦  1r1 


S2-  S1 

v2  « uu  - u2  tan  8 


the  blading,  ares 

(continuity) 

9w  (v2  - v^ ) (work  balance) 

(geometrical  con*'-*  \. 


The  second  term,  on  the  right  hand  sidqbf  the  second  equation,  accounts  for  th*  me  - 
chanical  work  exchanged  between  the  blades  and  the  gas  stream.  The  blade  speed  : « repre  - 
sented  by  u (for  rotor  a -1,  and  for  stator  o * 0) . In  the  third  equation  we  .i--aume  he- 
re that  no  losses  occur  through  the  blanding;  this  is  not  a very  restrictive  condition 
and  the  procedure  may  be  easily  implemented  by  introducing  the  relative  total  pressure 
losses,  depending  on  the  incidence,  once  experimental  data  on  cascades  are  provided.  On 
the  fourth  equation,  the  flow  tangency  at  the  trailing  edge  is  imposed.  (Fig.  3)j  devia  - 
tion  effects  may  be  taken  into  account  (as  for  the  losses),  if,  even  here,  experimental 
data  are  provided. 

Eq.  7 may  be  differentiated  in  time.  On  the  other  hand,  four  compatibility  equations 
(Eq.  3.S) (three  in  the  upstream  region  and  one  down  stream  of  the  disc)  are  given  on  the 
corresponding  characteristic  lines  (Fig.  2) . The  set  of  all  these  equations  enable  us  to 
evaluate  the  time  derivatives  of  the  flow  properties  in  front  of  the  disc  (P.  , u.  , v^fc  , 
S.t),  which  may  be  integrated  in  time  as  usually.  The  downstream  flow  conditions 
follow  from  Eq.  7. 

This  procedure  holds  in  case  of  unchoked  flow  through  the  blading. 

However  if,  by  computing  the  upstream  flow,  the  mass  flow  rate  becomes  larger  than 
the  critical  value  (corresponding  to  the  area  at  the  trailing  edge) , the  computation  at 
the  point  1 (Fig.  4)  is  carried  on  as  it  follows.  Thecontinuity  equation  is  written  by 
introducing  the  critical  condition  and,  therefore,  unaffected  by  the  downstream  pressure: 


(8) 


ulh 

T1 


i rel 


t;  rel*  9> 


where  p*  rei  and  T{  reJ  denote  the  total  values  of  the  flow  relative  to 

8 is  differentiated  in  time  and  the  flow  at  the  point  t is  computed,  by 
count  the  compatibility  equations  upstream  of  the  disc.  As  regards  the 
te  the  continuity  equation: 

u2P2  _ 

We  assume  here  isentropic  process,  so  that  Tj  in  easily  related  to  p,.  This  equation  is 
differentiated  with  respect  to  the  time, and  theamatehed  with  the  compatibility  equation 
on  the  downstream  region  tu-a) . One  may  now  compute  the  updated  values  of  P2  and  u2>  The 
modulus  of  the  relative  velocity  w^  at  th^trailing£4ge  follows  as: 


the  blading.  Eq. 

taking  into  ac  - 
point  2,  we  wri- 


rel  ’ *2* 


The  direction  of  w,  will  be,  in  general, different  from  the  one  given  by  8.  A similar  mo- 
del is  suggested  ifl  kef.  3. 


Finally  the  downstream  tangential  velocity  is  computed  as: 

8 


It  is  clear  that  this, or  similar  procedure,  can  not  be  applied  in  the  ease  of  su  - 
per sonic  axial  flow. 


c)  Combustion  Chamber  (Fig.  2) 

He  have  here  the  following  quasi-steady  relationships: 


(9) 


f _^£i 

T1  T2 

U1  u2 
' *1  « + = p2  (1  + *? 


(continuity) 

(momentum) 


l ma  r <t;  - = H.  . ^ 


(energy) 


The  energy  equation  takes  into  account  the  heat  release  (ma  and  mb  represent  the  air 
and  fuel  mass  flows  and  theffuel  heating^value  refered  to  cy  Tb)  . As  usually,  Eq.  9 are 
differentiated  in  time  and  matched  with  the  four  compatibility  equations  along  character! 
sties.  ~ 


d)  Exaust  Nozzle  (Fig.  4) 

The  quasi  steady  relationships  are: 


(10) 


f «1P1  _ u2p2 

/ T1  + 2T  U1  = T2  + S1  U2 

S1  " S2 
s.  V1  = V2  " 0 


(continuity) 

(energy) 


The  constriction  factor  n of  the  nozzle  may  vary  in  time  as  prescribed  (for  example 
during  the  afterburner  starting  procedure).  Even  now  Eq.  10  are  differentiated  in  time 
and  matched  with  the  compatibility  equations  along  the  right  running  characteristics 
(u  + a,  u) . The  value  of  p,  is  kept  equal  to  the  external  pressure.  This  procedure  in 
used  for  unchoked  flow.  In2  case  of  choking,  the  pressure  level  p,  is  imposed  as  the  cri_ 
tical  value  with  respect  to  the  total  pressure  .at  the  point  1 . 


NUMERICAL  SIMULATION  OF  TRALBIEMES 

We  have  chosen  a simple  scheme  of  turbojet  engine:  a six  stages  axial  compressor  is 
driven  by  a single  stage  axial  turbine. 

The  distribution  of  the  computational  points  as  well  as  the  location  of  the  discon- 
tinuities is  shown  in  Fig.  5.  On  the  base  of  this  scheme  of  the  engine  we  did,  in  the 
past,  some  computations  related  to  the  starting  operation  of  the  engine  and  to  the  after 
burner  ignition?  the  results  of  these  numerical  simulations  are  reported  in  Ref.  4. 

In  the  present  paper  we  report  the  results  of  different  computations,  describing 
transients  which  may  occur  in  variablegeometry  engines. 

Steady  configurations  in  the  engine  are  assumed  as  "initial  values"  at  time  zero. 

The  change  in  geometry  of  some  component  is  supposed  to  take  place  in  a given  range  of 
time  ana  this  fact  originates  pressure  waves  travelling  along  the  engine.  As  result  of 
this  transient,  all  the  thermodynamic  properties  of  the  flow  will  vary  in  time.  In  partly 
cular  the  air  mass  flow  rates  at  the  inlet  and  exit  of  the  engine  show  a difference  be  - 
cause  of  air  mass  storage  inside  the  engine?  the  combustion  temperature  and  the  thrust 
fluctuate? the  instantaneous  torques  on  the  compressor  and  turbine  become  unbalanced  and 
the  rotor  accelerates  according  to  the  dynamic  law.  Once  the  transient  vanishes  a new 
steady  configuration  is  acieved.  We  have  simulated  three  different  transients: 

- Run  n.  1:  :.he  stagger  angle  (e  ) of  the  first  two  stages  in  the  compressor  is  varied 

by  a deflection  of  10’. 

- Run  n.  2:  the  exit  angle  of  the  turbine  nozzles  (e„)  is  changed  by  10°, at  the  same  ti- 

me the  fuel  injected  in  the  combustion  ” chamber  is  reduced  by  a factor  of 

20%. 

- Run  n.  3:  the  area  of  ths  exaust  nozzle  is  reduced  from  a constriction  factor  of. 70  to 

.65. 

The  are  many  inte,'..sting  values,  as  output  of  these  computations,  which  may  be  shown. 
We  have  reported  only  few  of  them  in  Fig.  6 (Run  n.  1),  7 (Run  n.  2),  8 (Run  n.  3)  as  fun 
ction  of  the  time.  It  may  be  noted  that  the  newfeteady <©nf igurations  are  almost  achived  — 
for  time  nearly  equal  to  5 or  6,  ' 

These  figures  report: 

- the  input  data  whi^h  originate  the  transients: 

i)  the  stagger  angles  (6a)  in  the  first  two  roto^/bf  the  compressor  (Fig.  6) 

ii?  the  geometrical  exit  angle  of  the  turbine  nozzle  (eH)  and  the  fuel  mass  flow  rate  (mh) 
(Fig.  7)  N b 

ill)  the  constriction  factor  n of  the  exaust  nozzle  (Fig. 8). 


! 


- the  air  mass  flow  rates  at  the  inlet  (A&i)  and  at  the  exit  (Aae)  of  the  engine. 

- the  instantaneous  torques  required  by  the  compressor  (TQC)  and  given  by  the  turbine  (TQfc) 

- the  rotor  peripherical  speed  (w) 

- the  total  temperature  (T£)  at  the  turbine  inlet. 

- the  thrust  computed  as  all  the  forces  acting,  in  the  axial  direction,  on  solid  walls  and 
bladings. 

It  should  be  mentioned  that  in  the  Run  N.  2 (Fig.  7)  the  geometrical  angle  8N  (trai 
ling  edge  of  the  turbine  nozzles)  determines  the  air  angle  so  far  the  nozzle  operates  as 
unchoked;  in  the  case  of  critical  flow,  however,  the  effective  air  angle  may  differ 
from  0N/  according  the  physical  arguments^nd  the  procedure  reported  above  w (computations 
at  the“bladings) . 

Finally  we  make  clear  that  the  inertia  of  the  rotors  we  have  assumed  in  our  computa- 
tions, is  order  of  magnitude  lower  than  the/hctual  ones,  but  such  a low  value  allowed  us  to 
test  the  methodology  also  during  accelerating  operations, without  requiring  too  long  corapu 
ter  times . 


CONCLUSION 

A method  has  been  presented  for  the  numerical  simulation  of  high  frequency  transien- 
ts, which  may  occur  in  variable  geometry  turbojet  engines,  due  to  the  change  in  time  of 
the  geometry  of  some  components . A complete  description  of  the  transients  may  be  achieved 
from  numerical  computations  and  a very  large  amount  of  informations  are  available. 

Seme  drastic  assumption? have  been  made,  in  modeling  the  actual  complicated  flow, and 
some  input  numbers (very  low  inertia  of  the  rotors,  few  stages  in  the  turbomachines,  etc) 
may  appear  unrealistic.  However  this  paper  represents  just  only  a preliminary  step  of  the 
investigation  and  we  are  working  on  more  sophisticated  and  reliable  models.  The  final 
goal  is  the  computation  of  transients  in  complete  engines , including  the  interference,  bet- 
ween the  engine  and  the  inlet  (See  Ref.  5)  in  propulsion  systems  for  supersonic  aircrafts 
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DISCUSSION 


J.F.Chevalier 

Je  voudrais  faire  une  remarque.  Je  trouve  que  c’est  assez  sympathique  que  dans  une  Universite  on  fasse  des  calculs 
qui  ont  pour  but  d’etre  assez  simples  pour  representer  approximativement  ce  qui  se  passe  dans  un  moteur.  Nous 
voyons  trop  souvent  des  Professeurs  parler  de  choses  trop  sophistiquees  pour  que  nous  puissions  les  utiliser.  Ces 
calculs  que  vous  avez  faits  me  semblent  inttiressants.  En  particulier,  par  exemple,  pour  etudier  les  problemes  de 
“scritch”  et  de  couplages  dventuels  de  modification  de  conditions  de  scritch  dans  une  vibration  de  post-combustion, 
couplee  avec  la  combustion  elle-meme;  il  me  semble  que  votre  calcul  peut  servir  a dtablir  de  bonnes  conditions 
limites  dans  un  tel  calcul  et  done  serait  tres  utilisable  par  des  chercheurs  en  turbomachines. 

Quel  est  le  temps  de  calcul  et  sur  quelle  machine  faites-vous  un  tel  calcul? 


Author’s  Reply 

The  computer  time  necessary  is  depending  on  the  kind  of  machine  you  are  using.  We  performed  this  kind  of  compu- 
tation on  a IBM370/ 1 58  or  CDC/6600.  The  computational  time  does  not  mean  too  much  except  if  you  compare  the 
computational  times  with  real  times,  that  means  to  compare  the  computational  times  with  the  times  related  to 
physical  problems.  If  I say  to  you  three  minutes  with  CDC/6600,  it  does  not  mean  too  much  because  we  have  to 
look  at  what  are  the  physical  time  we  are  investigating  on.  I think  that  it  will  be  quite  good  to  have  a computation 
which  will  be  performed  in  real  time.  However,  we  are  at  the  moment  quite  far  from  this  goal.  In  fact  the  compu- 
tational times  are,  on  a CDC  6600,  about  60  times  larger  than  the  real  physical  times. 


R.E.Peacock 

In  Figure  7 the  integration  with  respect  to  time  between  what  appear  to  be  two  equilibrium  conditions  (t  = 0 i 
t = S)  of  the  curve  of  m^  and  that  of  1%  do  not  give  the  same  result.  Apart  from  possible  changes  of  fuelling  level, 
why  is  this  so? 

Author’s  Reply 

I think  one  should  not  expect  equal  integrals  in  both  cases.  In  fact  the  difference  is  just  the  air  which  has  been 
stored  in  the  engine  from  one  state  to  the  new  state  of  configuration.  In  other  words,  the  difference  is  directly 
related  to  the  different  distribution  of  density  in  the  engine,  in  the  two  different  steady  conditions. 


ASSESSMENT  OF  VARIABLE-CYCLE  ENGINES  FOR  SUPERSONIC  TRANSPORTS 


E.  Boxer,  S.  J.  Morris,  and  W.  E.  Foss,  Jr. 
NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
U.S.A. 


SUMMARY 


The  NASA  Supersonic  Cruise  Aircraft  Research  (SCAR)  program  has  spon- 
sored extensive  work  to  define  technology  improvements  which  could  lead  to 
an  economically  and  environmentally  viable  advanced  supersonic  transport. 

One  element  of  the  program  involved  the  generation  of  a multitude  of 
advanced  conventional  and  variable-cycle  "paper"  engines  by  the  engine 
manufacturers  and  screening  them  in  a typical  transport  mission  to  fli.J  the 
most  promising  engine  cycles.  These  latter  cycles  were  evaluated  by  the 
airplane  manufacturers  in  more  detailed  mission  studies  with  the  result  that 
three  promising  candidate  engine  cycles  were  identified  for  further  study 
and  refinement.  The  present  paper  evaluates  each  of  these  three  proposed 
SCAR  propulsion  systems  in  terms  of  relative  aircraft  range  for  a fixed 
payload  and  take-off  gross  weight  with  a design  cruise  Mach  number  of  2.7. 

In  order  to  put  the  performance  of  these  engines  in  perspective,  a compari- 
son of  these  engines  and  the  former  U.S.  SST  engine  (GE4)  is  made  with  an 
idealized  variable-cycle  engine  whose  performance  at  all  operating  points 
matches  that  of  an  optimized  point-design  cycle  within  specified  limits. 

In  addition,  range  comparisons  are  made  with  and  without  noise  level  con- 
straints to  determine  the  influence  of  noise  upon  cycle  selection.  Finally, 
the  critical  areas  requiring  new  or  improved  technology  for  each  cycle  are 
delineated. 


1.0  INTRODUCTION 

With  the  cancellation  of  the  United  States  Supersonic  Transport  (SST)  program  in  1971,  an  enormous 
concentrated  developmental  effort  for  civil  supersonic  flight  technology  came  to  an  abrupt  halt  in  the 
U.S.A.  This  did  not  deter  dedicated  engineers  from  examining  the  problems  which  led  r.  tine  demise  of  the 
U.S,  SST  and  prophesying  new  technology  requirements  for  a second-generation  SST  which  would  lead  to  sub- 
stantial improvement  in  performance,  economics,  safety,  and  social  acceptability.  A pap  *r  presented  by 
Nichols  later  in  1971  (Ref.  1)  indicated  that  substantial  range  improvements  were  possible  with  advances 
in  aerodynamics,  structures,  materials,  propulsion,  and  flight  control  within  the  restraints  imposed  by 
take-off  noise  considerations.  Although  the  gains  shown  were  those  for  an  advanced  dry  turbojet  engine 
equipped  with  a noise  suppressor,  Nichols  called  for  inventiveness  to  define  a variable-cycle  engine  to 
"have  the  air'  tow  characteristics  at  take-off  of  the  turbofan  combined  with  the  good  cycle  efficiency  of 
the  turbojet  in  supersonic  cruise."  As  a result  of  studies  such  as  this,  NASA  in  1972  elected  to  estab- 
lish a low-keyed  effort  now  known  as  the  Supersonic  Cruise  Aircraft  Research  program  (SCAR)  to  define, 
foster,  and  fund  research  efforts  to  develop  the  technology  needed  to  support  any  future  attempt  to  build 
a second-generation  SST. 

Shortly  after  the  start  of  the  SCAR  program.  Swan  (Ref.  2)  indicated  that  a weight  reduction  equiva- 
lent to  that  of  the  entire  payload  would  have  been  possible  for  the  U.S.  SST  had  a variable-cycle  engine 
been  available.  The  implication  was  that  the  variable-cycle  engine  would  be  capable  of  generating  a large 
airflow  in  a turbofan  mode  with  low  specific  thrust  levels  to  meet  both  the  take-off  field  length  and 

regulated  noise  level  without  a suppressor.  It  would  cruise  supersonically  as  a dry  turbojet  and  would 

maintain  high  inlet  flows  when  operating  at  part  power  to  eliminate  throttle  dependent  spillage,  bypass, 
and  boattall  drag.  Swan  further  made  the  point  that  "the  propulsive  system  concept  must  be  treated  as  an 
entity,  including  inlet  and  exhaust  systems  ouch  that  reduced  weight,  drag,  and  complexity  of  these  latter 
components  may  be  traded  for  increased  weight  and  complexity  of  the  variable  eyele."  At  about  the  time 
Swan  presented  his  paper,  the  results  of  Boeing's  JT8D  variable  bypass  engine  test  (Ref.  3)  were  made  known 
to  the  staff  of  NASA.  This  test  demonstrated  the  ability  to  increase  airflow  70%  and  vary  the  bypass  ratio 
from  1.1  to  3.5  through  the  use  of  an  air  inverter  valve.  Partly  as  a result  of  this  iuformaeiou,  the 
on-going  SCAR  engine  studies  performed  under  contract  with  Ceneral  Electric  and  Pratt  & UUltney,  and 

directed  by  NASA  Lewis  Research  Center,  were  expanded  to  Include  studies  of  a family  of  unconventional 

variable-cycle  engines.  The  results  of  these  studies,  which  are  still  underway,  are  described  in 
Reference  4. 

The  purpose  of  this  paper  is  to  assess,  ou  an  integrated  mission  basis,  the  performance  or  three 
variable-cycle  engine  concepts  resulting  from  the  on-going  SCAR  program  and  to  delineate  those  areas  of 
technology  which  must  be  developed  to  achieve  such  performance.  The  engine  cyeles  selected  have  differing 
degrees  of  variability  and  complexity  as  well  as  differing  advantages  and  disadvantages  with  respect  to 
each  other.  The  figure  of  merit  employed  is  the  maximum  range  achieved  at  a cruise  Maeh  number  of  2.62  on 
a hot  day  for  s given  take-off  gross  weight  and  payload.  The  results  are  compared  with  a fantasized  com- 
pletely variable-cycle  engine  which  represents  an  upper  bound  of  the  potential  for  a variable-cycle  engine. 
In  addition,  comparisons  are  made  with  the  GE4.  the  engine  selected  for  the  U.S.  SST,  to  illustra.e  the 
improvements  afforded  by  advanced  engine  technology.  These  comparisons  are  made  for  optimum  per'armaaee- 
steed  engines  and  for  vehicles  with  engines  sized  to  sect  FAR  noise  regulations  both  with  and  without 
suppression. 

The  engine  data  are  as  supplied  by  the  engine  manufacturers,  and  no  Independent  evaluation  of  the 
validity  of  the  data  or  ability  to  perform  as  specified  has  been  made.  Where  opinions  are  expressed  in 
the  paper,  they  represent  those  of  the  authors  alone. 


2.0  ENGINE  SELECTION  AND  DESCRIPTION 


Many  engine  cycles  of  both  conventional  and  unconventional  types  were  generated  and  examined  by  the 
Pratt  & Whitney  and  General  Electric  companies  under  the  m. apices  of  the  NASA/SCAR  program.  Each  of  these 
engines  was  screened  in  a mission  simulation  program  to  pinpoint  the  more  desirable  cycles.  Mission  simu- 
lation was  a necessary  tool  since  it  is  well  known  that  comparisons  of  the  usual  performance  parameters 
of  thrust-weight  ratio,  specific  fuel  consumption,  installed  thrust  level  are  not  necessarily  indicative 
of  the  best  cycle  in  view  of  the  conflicting  requirements  imposed  by  noise  restraints,  weight,  thrust 
margin,  and  subsonic  versus  supersonic  cruise  fuel  consumption  rates.  The  performance  data  of  the  higher 
ranked  engine  cycles  wore  provided  to  tile  airplane  companies  to  evaluate  in  their  SCAR-sponsored  system 
studies.  Based  upon  the  results  of  these  studies,  the  most  promising  cycles  were  further  refined  and 
analyzed  in  more  detail  by  the  engine  manufacturers.  The  net  result  of  this  iterative  process  was  the 
definition  ot  three  candidate  variable-cycle  engines  of  differing  degrees  of  variability.  For  each  of 
these  engines,  a technology  base  available  for  a certificated  engine  in  the  late  19f)0's  was  assumed.  For 
conventional  engine  components,  an  extrapolation  based  upon  historical  data  was  used  by  the  engine  manu- 
facturers to  predict  weight  and  performance.  For  nonconvent ional  components,  estimates  of  performance  and 
weight  were  based  upon  results  using  small-scale  models  wherever  possible  and  in  all  cases  with  a degree  of 

restrained  optimism  in  keeping  with  an  objective  of  the  SCAR  to  delineate  potentially  attractive  areas  for 

new  technology  research. 

To  establish  bench  marks  against  whith  to  assess  the  performance  of  these  candidate  variable-cycle 
engines,  the  aircraft  performance  with  two  alternate  engines  was  generated.  The  first  is  the  engine 
selected  for  Che  former  U.S.  SST  (the  GE4/J5F).  It  is  included  to  indicate  the  gains  possible  due  to 
technology  advances  since  1969  in  conventional  components  and  due  to  cycle  variability.  The  second  engine 
used  for  reference  is  in  reality  not  an  engine.  It  represents,  within  limits,  a cycle  optimized  over  the 
flight  spectrum  for  best  fuel  economy  without  regard  to  physical  restraints.  The  five  engine  cycles  are 
briefly  described  below.  Eacii  of  the  variable-cycle  engines  have  been  optimized  in  terms  of  overall  pres- 
sure ratio  and  a fan  pressure  ratio  for  a standard  day  flight  Mach  number  of  2.7  for  direct  comparison  with 

the  GE4  which  was  designed  specifically  for  this  flight  Mach  number.  The  engine  cycle  parameters  and 

performance  are  listed  in  Table  1. 

2.1  Pratt  & Whitney  — Variable  Stream  Control  Engine 

The  variable  scream  control  engine  (VSCE),  shown  in  Figure  1,  is  a two-spool  duct-burning  turbofan 
employing  a convergent-divergent  ejector  nozzle,  in  essence,  it  is  very  similar  to  the  JTF17,  the  P&W 
entry  for  the  U.S.  SST  program  but  differs  primarily  in  employing  higher  turbine  inlet  temperature,  a 
variable  area  throat  for  the  primary  stream,  and  a greater  degree  of  variable  geometry  in  the  fan  and 
compressor.  The  use  of  this  variability  permits  a more  complex  throttle  schedule  to  be  used.  This  throttle 
schedule  » sent  tally  matches  the  engine  and  inlet  flow  schedule  at  maximum  dry  and  augmented  power  settings 
at  all  flight  Mach  numbers  to  minimize  spillage,  bypass,  and  boattail  drag.  In  addition,  for  take-off,  the 
primary  burner  is  throttled  back  with  the  duct  burner  lit  and  full  airflow  maintained  to  achieve  a tailored 
exhaust  gas  profile.  This  technique  maximizes  the  coannular  noise  relief  at  the  required  take-off  thrust 
level.  A detailed  description  of  the  engine  and  explanation  of  the  coannular  noise  relief  are  contained  in 
Reference  5.  The  VSCE  represents  a conservative  approach  toward  achieving  the  objective  of  a variable-cycle 
engine.  Its  performance  at  both  supersonic  and  subsonic  cruise  conditions  is  quite  similar  to  that  of  a 
conventional  duct-burning  turbofan. 

2.2  Pratt  & Whitney  — Rear  Valve  Variable-Cycle  Engine 

The  rear  valve  variable-cycle  engine  (RVE)  has  been  found  to  yield  the  most  attractive  application  of 
the  air  Inverter  valve  concept.  It  is  used  as  a means  of  cycle  conversion  from  turbofan  to  turbojet  and 
vice  versa.  A description  of  the  air  Inverter  valve  and  Its  use  in  this  and  other  arrangements  is  given 
In  Reference  3.  The  operation  of  the  RVE  is  described  in  detail  in  Reference  S and  is  briefly  reviewed 
here.  The  RVE  is  a two-spool  nonaf terburniug  engine  employing  a variable  geometry  fan  and  a split  low- 

pressure  turbine  and  incorporates  a convergent-divergent  ejector  nozzle.  The  air  inverter  valve  functions 

as  a dlverter/mixer  and  la  located  before  the  last  element  of  the  low-pressure  turbine.  In  the  twin  turbo- 
jet mode,  the  duct  burner  is  lit  and  the  vaive  is  in  the  inverting  position  such  that  the  eore  flow  is 
bypassed  around,  aud  the  heated  duct  flow  expanded  through  the  rear  low-pressure  turbine,  in  the  turbofan 
mode  the  valve  is  used  to  mix  the  unheated  duct  flow  with  the  core  flow  before  expanding  through  the  rear 
turbine  element.  The  inner  stream  nozzle  throat  is  fixed.  In  the  turbojet  mode  of  operation,  variation 
of  the  outer  stream  nozzle  throat  area  and  fan  burner  temperature  are  used  to  maintain  constant  corrected 
airflow  at  supersonic  cruise  part  power  thrust  levels.  Airflow  regulation  in  the  turbofan  mode  is  uniquely 
defined  by  turbine  inlet  temperature  since  all  the  flow  exits  through  the  fixed  area  inner  stream  nozzle 
throat.  Thus,  in  the  turbofan  mode  a greater  degree  of  spillage  must  exist  compared  to  the  turbojet  mode. 

This  is  a result  of  tower  fan  speed  due  to  the  lower  flow  energy  level  at  the  rear  turbine  because  of  the 

alxiug  of  both  streams.  The  RVE  exhibits  the  greatest  variabiiltv  of  any  variable-cycle  engine  in  this 
group  in  that  it  operates  like  a turbofan  engine  at  subsonic  cruise  and  as  a turbojet  at  supersonic  cruise 
speeds. 

2.1  General  Electric  — Double  bypass  Variable-Cyele  Engine 

The  double  bypass  variable-cycle  eugtne  (USE)  Is  a low  bypass-ratio  two-spool  mixed-flow  afterburning 
turbofaa  engine.  The  fan  is  divided  into  two  separate  elements.  These  elements  are  designed  so  that 
engine  air  can  be  bypassed  downstream  of  each  element.  The  eottf igurat ion  is  shown  schematically  in 
Figure  t and  is  described  in  detail  la  Reference  4.  The  DBE  engine  used  in  the  pfeseof  invest igation  is  a 
later  version  of  the  engine  described  in  Reference  4.  la  this  later  version,  both  bypassed  streams  are 
mixed  and  a portion  of  the  mixed  flow  Is  exhausted  through  an  auxiliary  nozzle  in  the  take-off  and  low- 
speed  cruise  modes.  For  take-off,  variable  turboeachlnery  geometry  is  used  to  ovetspeed  the  fan  and 
increase  the  airflow  approximately  20.1!.  This  overspeeding  in  combination  with  the  translating  shroud 
convergent-divergent  plug  nozzle  (Ref,  *)  and  annular  noise  relief  (Refs.  7 and  S) . significantly  reduces 
the  Jet  noise  as  compared  to  a conventional  C-D  nozzle  equipped  low  bypass  ratio  turbofaa  engine.  The 
engine  throttle  modulates  the  variable  atatpra  and  bypass  flow  paths  to  provide  inlet  engine  airflow  match 


at  all  flight  Mach  numbers  at  both  maximum  dry  and  augmented  thrust  levels  and  to  provide  full  olrflow 
down  to  approximately  50Z  of  dry  thrust.  The  DBE  represents  a degree  of  variability  midway  between  the 
VSCE  and  RVE. 

2.4  General  Electric  — GE4 


The  GE4  engine,  which  is  used  to  illustrate  the  technology  base  available  In  1969,  is  a single  spool 
afterburning  turbojet  equipped  with  a convergent-divergent  two-stage  ejector  nozzle.  The  engine  has  a 
variable  area  nozzle  and  employs  a two-position  compressor  stator  schedule.  The  engine  weight  and  per- 
formance parameters  were  taken  from  the  model  specifications  for  the  GE4/JSP  for  a standard  day. 

2 . 5 Reference  Variable-Cycle  EnRlne 

The  reference  variable-cycle  engine  (RE),  as  stated  previously,  Is  not  a specific  engine.  It  repre- 
sents a series  of  point-design  cycles,  each  optimized,  within  limits,  to  achieve  minimum  fuel  consumption. 
Its  purpose  is  to  provide  a goal  for  the  class  of  variable-cycle  engines  to  strive  for,  yet  never  reach. 
Admittedly,  the  RE  presents  Impossible  hardware  problems  and  Is  intended  only  to  serve  as  a measure  of  the 
ultimate  range  obtainable  within  the  restraints  imposed  as  indicated  below. 

It  Is  assumed  that  at  Mach  numbers  below  1,  the  cycle  would  be  that  of  a simple  turbofan  with  a bypass 
ratio  of  3 as  an  upper  limit.  Above  Mach  number  of  1,  it  would  transform  Into  a dry  turbojet.  At  selected 
Mach  numbers  and  altitudes,  the  overall  pressure  ratio  and  fan  pressure  ratio  were  varied  at  a constant 
combuscor  exit  temperature  of  1337*  C (2800*  F)  to  find  the  minimum  specific  fuel  consumption  through  the 
use  of  a design  point  engine  cycle  progrum.  If  the  minimum  specific  fuel  consumption  occurred  at  an  over- 
all pressure  ratio  above  43  or  compressor  discharge  temperature  exceeding  727*  C (1340*  F) , the  specific 
fuel  consumption  value  at  these  limit  points  was  a-n^ssed  as  the  minimum  value.  The  component  efficiencies 
and  pressure  losses  for  this  engine  were  those  assumed  achievable  In  the  mid-1980's.  The  exhaust  nozzle 
gross  thrust  coefficient  was  hold  at  a value  of  0.983  at  all  flight  conditions. 

The  engine  airflow  schedule  is  presumed  to  vary  such  that  the  thrust  vould  match  that  of  the  after- 
burning GE4  for  climb  and  acceleration.  At  all  other  conditions,  the  airflow  varies  to  produce  the  thrust 
required  by  the  airplane.  At  take-off,  the  engine  is  high  flowed  to  produce  take-off  thrust  without 
exceeding  the  FAA  noise  regulations.  It  is  further  postulated  that  the  weight  of  the  engine  pod  would  be 
equal  to  that  of  the  CE4/Boeing  Installation  scaled  to  110Z  of  the  required  airplane  cruise  airflow  rate. 


3.0  MODELS  AMD  METHODS 


A comparison  of  the  various  variable-cycle  engines  can  best  be  achieved  If  the  airplane-engine  charac- 
teristics are  optimized  for  each  of  the  individual  engines.  The  maximum  performance  Is  then  obtained  sub- 
ject to  the  operational  restraints  Imposed  by  such  factors  as  take-off  field  length,  noise,  approach,  and 
take-off  velocity.  The  techniques  used  In  the  present  paper  to  obtain  this  objective  are  discussed  below. 
In  all  cases,  the  maximum  range  achieved  for  a given  take-off  gross  weight  was  calculated  far  a simple 
8*  C hot  day;  that  1s,  the  temperature  at  any  standard  day  altitude  Is  Increased  by  8*  C and  the  speed  of 
sound  Is  calculated  for  the  Increased  temperature.  All  other  state  variables  are  assumed  to  be  the  same 
as  fot  a standard  day.  To  avoid  stagnation  temperatures  iu  excess  of  that  of  standard  day  flight  Mach 
number  of  2.7,  the  maximum  flight  Mach  number  for  the  hot  day  assumption  Is  limited  to  a value  of  2.62. 

The  figure  of  merit  used  to  compare  the  performance  of  the  various  engine  cycles  is  the  maximum  rela- 
tive range  achieved  for  a fixed  take-off  gross  weight  and  payload.  The  relative  range  is  defined  as  the 
range  for  any  given  engine  normalized  by  that  of  the  reference  engine  (RE).  It  was  adopted  as  a means  of 
emphasizing  the  effects  of  engines  cycle  upon  performance  and  to  avoid  comparison  with  other  studies  in 
terms  of  absolute  range  which  necessarily  is  dependent  upon  the  level  of  structural  and  other  technologies 
assumed. 

1.1  Airplane 

The  airplane  configuration  cheseu  to  "fly”  with  the  candidate  engines  is  shown  in  Figure  2.  it  is 
designed  for  a erutse  Mach  number  of  2.7  standard  day.  For  maximum  aerodynamic  efficiency,  it  Incorporates 
an  arrow-wing  planfora  mounting  four  engines  in  separate  pods  aft  beneath  the  wing  for  favorable  Interfer- 
ence effects.  It  has  been  sized  to  have  a design  8’  e hot  day  range  of  7148  km  (1968  n.  ml.)  carrying 
292  passengers  and  equipped  with  an  advanced  single-spool  nonafterburning  turbojet  engine.  It  meets  the 
design  range  with  a take-off  gross  weight  of  123679  kg  (718000  lbs)  which  is  the  value  assumed  throughout 
this  paper. 

The  airplane  characteristics  for  a wing  loading  of  132  kg/m?  (72  ibm/ft^)  are  fully  described  1b 
Reference  9.  As  a result  of  recent  wind-tunnel  tests,  more  efficient  flaps  were  developed  which  Indicated 
that  the  use  of  a wing  loading  of  413  kg/m?  (83  Iba/ft?)  would  meet  the  take-off  field  length  criteria  and 
result  In  Improved  range.  Therefore,  the  wing  area  was  reduced  to  yield  this  value  while  maintaining 
the  same  aspect  ratio.  The  aerodynamic  characteristics  were  recalculated  and  the  airplane  rebalanced. 

The  resulting  baeeltne  airplane  maximum  lift-drag  ratio  as  a function  of  Maeh  number  is  shown  In  Figure  J. 
The  airplane  drag  includes  that  due  to  both  nacelle  Interference  and  nacelle  skin  friction.  All  other 
propulsion  system  drag  Items  are  Included  In  the  installed  engine  performance. 

The  baseline  operating  weight  empty  less  that  of  the  propulsion  system  is  31. 8Z  of  take-off  gross 
weight. 

3.2  Hiss Ion  Profile 

The  mission  profile  flown  for  each  engine  Is  Illustrated  In  Figure  4.  Fuel  reserve  allowance  from 
FAR  121.648  SST  Fuel  Requirement  (tentative  standard  proposed  by  FAA)  wan  modified  for  a change  in  holding 
altitude  from  4S7  n (1300  ft)  to  4372  w (13000  ft).  The  cruise  portion  of  the  mission  was  assumed  to  be 
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entirely  supersonic  for  the  baseline  mission.  However,  the  necessity  of  avoiding  sonic  boom  over  populated 
areas  may  require  a portion  of  the  flight  to  be  conducted  at  subsonic  cruise  speeds.  This  requirement 
makes  the  development  of  a variable-cycle  engine  especially  attractive  for  supersonic  transports.  There- 
fore, two  alternate  mission  profiles  were  examined  which  incorporated  a 1111-km  (600-n.-ml.)  subsonic 
cruise  range  at  either  the  departure  or  arrival  portion  of  the  flight.  The  subsonic  cruise  leg  Is  assumed 
to  be  at  a Mach  number  of  0.9  at  best  cruise  altitude.  The  Mach  number-altitude  climb  schedule  for  the 
all-supersonic  cruise  mission  is  shown  In  Figure  5.  This  schedule  has  been  used  in  previous  studies  and 
has  been  checked  to  Insure  that  it  did  not  cross  any  flutter  boundaries.  Full  climb  thrust  was  employed 
during  Che  accelerating  climb  without  any  attempt  to  optimize  for  any  given  engine  cycle. 

1. 3 Englne-Alrframe  Matching 

The  relationship  between  engine  size  and  wing  area  for  maximum  range  can  best  be  determined  through 
the  use  of  the  so-called  "thumbprint"  or  "knothole”  dlugram.  Such  a diagrum  Is  Illustrated  in  Figure  6 
for  the  RVE  engine.  Contours  of  constant  relative  range  are  shown  ns  a function  of  installed  thrust  load- 
ing and  wing  loading.  The  contours  were  developed  with  the  aid  of  the  computer  program  described  in 
Reference  10  which  generates  performance  for  a matrix  of  input  wing  loudlng  and  thrust  loading  values. 
Engine  weight  and  dimensions  arc  scaled  in  accordance  with  information  provided  with  the  engine  performance 
decks.  The  airplane  operating  weight  empty  is  adjusted  for  wing  loading  changes  hy  assuming  a constant 
fuselage  and  empennage  weight  and  adjusting  wing  weight  as  a function  of  wing  loading  and  engine  weight  In 
accord  with  previously  determined  parametric  scaling  laws.  The  airplane  aerodynamic  polar  diagrams  arc 
adjusted  for  the  effects  of  wing  area  changes  and  for  the  effects  of  both  altitude  and  nacelle  size  on 
skin-friction  drag. 

Superimposed  on  the  thumbprint  diagram  are  limit  lines  which  represent  physical  or  operational 
restraints.  Areas  on  the  shaded  side  of  each  line  represent  portions  of  the  diagram  that  violate  the 
constraint.  The  balanced  take-off  field  length,  excess  thrust,  approach  and  take-off  speed  limits  lines 
are  assigned  based  on  operational  consideration  at  the  values  shown. 

The  maximum  range  of  the  reference  variable-cycle  engine  (RE)  used  to  normalize  all  other  engine  range 
performance  values  was  determined  for  these  some  operating  limits.  For  the  case  illustrated  in  Figure  6, 
the  maximum  relative  range  for  an  all-supersonic  cruise  mission  without  noise  restraint  is  limited  at  the 
Intersection  of  the  take-off  field  length  and  transonic  and  supersonic  oxcess  thrust  limit  lines.  Only  a 
small  sector  of  the  knothole  diagram  bounded  by  the  approach  speed,  take-off  field  length,  and  supersonic 
excess  cruise  thrust  meet  all  operational  restraints  for  airplane  equipped  with  the  RVE.  For  all  engines, 
the  maximum  unrestrained  range  at  the  eye  of  the  "knothole"  Is  indicated. 


4.0  ENVIRONMENTAL  AND  ECON0H1C  FACTORS 


The  ranking  of  engine  cycles  in  the  SCAR  program  Included  projections  of  engine  cost,  maintainability, 
complexity,  as  well  as  performance  In  order  to  determine  the  most  economically  attractive  cycle.  The 
economic  factors  are  ignored  in  this  paper  because  they  represent  an  area  of  greatest  uncertainty.  An 
engine  cycle  with  a clear  performance  superiority  should  be  economically  competitive. 

4.1  Emissions 


The  impact  of  engine  emissions  upon  the  design  of  combustors  or  duct  burners  cannot  be  assessed  until 
such  time  as  emission  regulations  are  set  forth;  however,  the  goal  cf  achieving  low  emissions  both  in 
flight  and  in  the  vicinity  of  the  airport  is  of  paramount  importance.  The  development  of  low  emission 
combustors  is  a problem  shared  to  the  same  degree  by  all  candidate  engines.  Projections  based  upon  recent 
research  indicate  the  possibility  that  low  emission  combustors  can  be  developed  within  the  volume  and  length 
of  current  practice.  Therefore,  the  effect  on  performance  of  destgniug  low  emission  combustors  for  the 
candidate  variable-cycle  engine  Is  ignored  in  this  paper. 

The  development  of  a low  emission  duet  burner  or  afterburner  presents  a more  difficult  problem  particu- 
larly with  regard  to  hydrocarbon  levels.  Burner  efficiencies  very  much  higher  than  those  achieved  to  date 
are  required  without  sacrificing  low-pressure  loss  performance.  In  addition,  the  current  on-golng  research 
in  low  emission  combustors  for  today's  commercial  engines  is  not  directly  applicable  to  burners  because  the 
velocity,  pressure,  and  temperature  levels  are  not  comparable.  However,  it  is  assumed  that  the  optimism 
expressed  by  the  engine  manufacturers  la  Justified  and  that  timely  research  and  development  will  yield  a 
low  emission  duct  burner  or  afterburner  with  no  engine  performance  or  weight  penalty. 

4.2  Noise 


The  environmental  factor  that  has  the  greatest  iapaci  upon  engine  size  is  the  sideline  and/or  flyover 
noise  level.  To  illustrate  the  effect  of  noise  restraints,  the  maximum  range  for  each  engine  has  been 
determined  first  by  means  of  the  “thumbprint14  diagram  for  maximum  performance  as  previously  described 
without  consideration  of  noise.  Secondly,  the  maximum  range  with  noise  restraints  applied  was  determined 
from  the  “thumbprint"  diagram  for  an  engine  sized  to  meet  the  maximum  allowable  noise  level  of  108  EPN48 
at  either  the  sideline  or  flyover  measuring  point.  In  this  exercise,  the  variable-cycle  engines  were 
sized  to  meet  the  uuise  restraint  both  with  and  without  suppression  due  to  annular/ coannular  noise  relief. 
For  these  variable-cycle  engines,  no  consideration  was  given  to  any  additional  relief  made  possible  through 
the  use  of  acoustically  treated  liners  or  mechanical  str eam-imersed  suppressors  in  an  effort  to  demonstrate 
the  potential  benefits  due  solely  to  the  annul ar/eoannular  effect.  The  suppression  level  assumed  was  pro- 
vided by  the  engine  manufacturers  and  was  based  upon  small-scale  static  acoustic  tests.  The  noise  relief 
varied  with  throttle  setting  reaching  a valin'  at  maximum  throttle  of  10  FFNdB  for  the  VSCE,  b EPNdB  for  the 
SVK,  and  9 EPtfaU  for  the  BBE,  The  GF4,  which  is  used  to  represent  first-generation  3ST  technology,  was 
presumed  to  be  equipped  with  an  8 EPNdB  mechanical  suppressor  that  weighed  /*  of  bare  engine  weight  and 
created  a it  net  thrust  loss  at  take-off.  This  approach  was  taken  presuming  the  annular  noise  relief 
effect  was  unrecognized  at  the  time  of  the  planned  entry  into  service.  The  reference  variable-cycle  engine 
was  assumed  to  be  operated  such  that  no  suppression  was  required  and  thus  incurred  no  range  penalty  due  to 
noise. 


5.0  PPrpULSXOM  SYSTEM  PERFORMANCE 
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Engine  performance  data  supplied  by  General  Electric  and  Pratt  & Whitney  for  their  engine  designs 
provided  the  net  internal  thrust  and  specific  fuel  consumption  (uninstalled  performance)  at  key  altitudes, 
Mach  numbers,  and  power  settings.  These  data  reflect  only  the  effects  of  inlet  pressure  recovery,  nozzle 
gross  thrust  coefficient,  horsepower  extraction,  and  engine  bleed.  As  noted  previously,  all  propulsion 
system  related  drag  with  the  exception  of  nacelle  friction  and  interference  drag  are  charged  to  the  engine. 
The  drag  due  to  inlet  spillage,  boundary- layer  bleed,  bypass,  and  boattail  as  functions  of  power  settings 
were  treated  as  thrust  decrements  in  generating  installed  engine  performance  data  decks  for  each  engine. 
The  Isolated  boattail  drag  as  a function  of  power  setting  was  provided  by  the  engine  manufacturers. 


Each  of  the  variable-cycle  engines  was  presumed  to  operate  in  conjunction  with  the  inlet  described 
in  References  11  and  12.  This  inlet  is  of  mixed  compression  axisymmetric  type  designed  for  a Mach  number 
of  2.65  and  Incorporates  a translating  center  body  and  bleed  ports  on  both  cowl  and  center  body  to  minimize 
shock-boundary- layer  interaction.  It  is  operated  in  an  unstarted  (external  compression)  mode  up  to  a Mach 
number  of  1.6  at  which  point  the  shock  is  swallowed.  This  inlet  is  sized  to  pass  2%  greater  airflow  than 
that  required  by  the  engine  and  bleed  system  at  supersonic  cruise  on  a standard  day.  The  total  pressure 
recovery,  bleed  flow  requirements,  and  maximum  flow  schedule  as  functions  of  Mach  number  are  presented  in 
Figure  7. 

The  CE4  is  ptesumed  to  operate  in  conjunction  with  the  Boeing-developed  inlet  whose  performance  and 
drag  buildup  is  essentially  as  given  in  Reference  2.  The  reference  variable-cycle  engine  (RE)  is  presumed 
to  be  operating  with  a rubberized  infinitely  variable  inlet  such  that  the  only  chargeable  drag  is  that  due 
to  the  boundary-layer  bleed  flow. 

The  performance  for  each  of  the  considered  engines  at  the  subsonic  and  supersonic  cruise  Mach  numbers 
at  altitudes  above  11  km  (36000  ft)  are  demonstrated  in  Figure  8.  Both  installed  and  uninstalled  data  are 
plotted  to  indicate  the  effect  of  installation  drags  at  these  conditions.  The  net  thrust  has  been  non- 
dimensionallzed  with  respect  to  each  engine's  maximum  thrust  at  the  given  altitude  and  Mach  number  to 
define  a thrust  ratio.  This  technique  was  used  to  eliminate  engine  sizing  effects. 

The  installation  penalty  at  the  supersonic  cruise  Mach  number  is  entirely  due  to  bleed  drag  except 
for  the  DBE  which  has  a boattail  drag  approximately  equal  to  a third  of  the  bleed  drag  caused  by  a rear- 
ward facing  faired  step  Just  upstream  of  the  translating  shroud.  Boattail  drag  accounts  for  approximately 
705!  of  the  installation  penalty  for  all  engines  at  subsonic  cruise  Mach  number.  At  this  flight  condition, 
however,  the  DBE  with  its  translating  shroud-plug  nozzle  and  high  airflow  at  part  power  exhibits  about 
half  the  installation  penalty  as  compared  with  the  VSCE. 

At  the  supersonic  cruise  Mach  number,  the  minimum  installed  specific  fuel  consumption  of  all  engines 
shown  are  quite  comparable  with  a maximum  difference  of  approximately  421.  At  the  subsonic  cruise  Mach 
number,  the  spread  of  the  minimum  fuel  consumption  values  increases  to  approximately  502,  with  the  highest 
bypass  ratio  engine.  RVE,  exhibiting  the  lowest  value  and  the  turbojet  engine,  GE4,  the  highest  value. 

The  true  ranking  of  these  engines,  in  terms  of  fuel  economy,  depends  upon  the  thrust  ratio  required  to 
balance  drag  and  engine  size  required  to  meet  the  operational  restraints  and  not  upon  the  indicated  mini- 
mum value  of  SFC. 


6.0  RESULTS  AND  DISCUSSION 


Comparison  of  the  performance  of  the  various  engine  cycles  in  terms  of  maximum  relative  range  are. 
presented  in  Figures  9 and  10  to  show  directly  the  effects  of  cycle,  noise,  and  subsonic  cruise  requirement 
on  range.  The  incremental  range,  fuel  usages,  and  propulsion  system  performance  for  each  of  the  maximum 
range  configurations  are  given  In  Tables  II  and  III.  All  engines  and  airframes  were  sized  to  meet  the 
operational  limitations  imposed  by  take-off  field  length,  approach  velocity,  and  excess  thrust;  however, 
the  limitations  Imposed  by  the  noise  criteria  were  treated  separately.  To  show  the  effect  of  noise,  the 
engines  were  first  sized  for  maximum  performance  without  consideration  of  take-off  noise  level  (no  noise 
restraints).  The  engines  were  then  resized  and  matched  to  the  airframe  to  determine  the  maximum  range 
with  a noise  limitation  of  103  EPNdB  without  any  noise  relief  due  to  mechanical  or  annular/coannular 
suppression  (108  EPNdB,  no  suppression).  Finally,  the  effect  of  the  assumed  suppression  levels  were 
Included  and  the  engines  resized,  where  necessary,  to  determine  maximum  range  (108  EPNdB  with  suppression). 

The  variable-cycle  engines,  as  a greup,  exhibit  substantial  range  Improvements  as  compared  to  the  CE4 
(Fig.  9).  On  the  basis  of  maximum  performance  alone  without  consideration  of  the  effects  of  noise,  a 
range  improvement  of  25%  is  provided  by  the  RVE.  This  engine  has  a range  of  76%  of  the  ultimate  as  repre- 
sented by  the  RE.  When  compared  on  the  basts  of  engines  sized  to  meet  the  108  EPNdB  noise  restriction, 
including  the  effects  of  noise  suppression,  the  improvement  in  range  of  the  RVE  as  compared  to  the  GE4 
Increases  to  40%.  This  is  accomplished  with  only  a 1%  penalty  In  range  for  the  RVE  sized  to  satisfy  (he 
noise  restrictions.  The  GE4  range  for  these  conditions  is  only  53%  of  that  for  the  RE.  It  should  be 
remembered  that  the  variable-cycle  engines  were  designed  with  the  FAA  noise  regulations  in  mind,  whereas 
the  UE4  was  selected  for  the  U.S.  SST  with  much  less  restrictive  noise  requirements.  Therefore,  the 
imposition  of  the  108  EPNdB  limit  upon  a high  speeifte  thrust  eyele  (high  jet  velocity)  such  as  the  GE4 
results  in  the  need  for  a large  oversized  engine  and  a consequent  significant  range  penalty.  The  variable- 
eye  le  engines,  on  the  other  hand,  exhibit  relatively  small  decreases  in  range  when  sized  to  meet  the  noise 
standards  even  without  the  benefit  of  suppression.  It  is  Interesting  to  note  that  the  range  of  all  the 
variable-cycle  engines  sized  to  meet  the  noise  restrictions  without  the  effects  of  suppression  exeeed  that 
of  the  GE4  sized  for  maximum  performance  without  noise  considerations.  An  increase  in  the  level  of 
mechanical  suppression  beyond  the  8 EPNdB  for  the  UK4  will  be  of  no  help  because  the  airplane  with  the 
resulting  smaller  engine  will  be  incapable  of  take-off  within  the  full  runway  length  of  1200  m (10500  ft). 

A 1111-km  (600-n. -ai. ) subsonic  cruise  to  avoid  sonic  boom  at  either  the  departure  or  arrival  portion 
of  the  (light  for  ■sagtnes  sized  to  satisfy  the  noise  restrictions  with  the  assumed  suppression  levels 
included  (Fig.  10)  indicate  relatively  small  reductions  of  1 to  6%  la  range  for  the  variable-cyele  engines. 


The  GEA  sustains  a 19%  loss  In  range  under  the  same  conditions,  prlnarlly  as  a result  of  the  poor  cycle 
efficiency  for  heavily  throttled  low-pressure  ratio  turbojets  at  subsonic  speeds  and  the  large  installa- 
tion penalty  due  to  high  spillage  and  boattail  drag. 

Insight  to  the  factors  which  have  a bearing  upon  the  overall  performance  noted  above  may  be  obtained 
from  Figures  11  to  13  as  well  as  from  Table  11.  The  DBE  uses  the  greatest  amount  of  fuel  and  travels 
farthest  during  the  climb  to  supersonic  cruise  for  the  case  of  engines  selected  with  no  noise  restrictions 
(Fig.  11).  As  can  be  seen  in  Figure  12,  the  range  of  the  DBE  is  limited  by  the  excess  thrust  available  in 
climb.  An  increase  in  the  afterburner  operating  temperature  could  increase  its  range  because  the  engine 
could  then  be  sized  to  meet  the  take-off  field  length  and  have  more  fuel  onboard  for  the  more  efficient 
supersonic  cruise  leg.  The  RVE,  which  also  exhibits  a relatively  long  climb  distance,  is  limited  in  engine 
size  by  both  field  length  and  climb  thrust.  It  cannot  climb  more  rapidly  to  the  supersonic  cruise  point 
because  the  presence  of  the  rear  valve  sets  the  limit  on  auxiliary  burner  temperature.  It  is  interesting 
to  note  that  the  VSCE  which  is  both  slightly  lighter  and  exhibits  lower  specific  fuel  consumption  at  both 
supersonic  and  subsonic  cruise  points  has  3%  less  range  than  the  RVE.  This  is  a result  of  accelerating  in 
the  less  efficient  full  augmented  power  mode  at  all  speeds.  Although  no  attempt  was  made  to  optimize  the 
climb  throttle  schedule,  the  range  of  the  VSCE  improved  1%  by  restricting  duct  bti-ning  during  climb  to 
Mach  numbers  above  0.8. 

Both  the  RVE  and  DBE  engines,  as  used  in  Chis  study,  arc  sized  by  the  requirement  to  meet  the  noise 
limit  of  108  EPNdB  in  the  suppressed  mode  for  the  given  runway  length.  Increasing  the  take-off  field  length 
limit  for  either  of  these  engines  would  result  in  on  insignificant  range  improvement  because  the  climb 
thrust  requirement  would  then  become  the  engine  sizing  parameter.  The  climb  thrust  limit  is  not  an  absolute 
operational  requirement;  however,  any  reduction  in  the  assumed  minimum  thrust-to-drag  ratio  value  of  1.2 
will  adversely  affect  acceleration  capability  to  start  of  cruise  and  increase  trip  time.  The  VSCE,  on  the 
other  hand,  is  limited  only  by  take-off  fiel.‘  ' ength  and  not  by  noise.  The  sideline  noise  which  is  the 
dominant  factor  for  this  engine  is  actually  less  than  108  EPNdB  and  an  increase  in  take-off  field  length 
would  permit  the  use  of  a smaller  engine  and  a consequent  Improvement  in  range.  Relaxation  of  the  take-off 
field  length  limit  would,  therefore,  favor  the  VSCE  such  that  its  range  would  equal  or  slightly  exceed 
that  of  the  RVE. 

Within  the  accuracy  of  defining  the  performance  of  the  engines  based  upon  projections  of  future 
technology  development,  the  RVE  and  VSCE  can  be  viswed  as  having  equal  potential  for  use  in  a second- 
generation  supersonic  cruise  airplane  having  a standard  day  cruise  Mach  number  of  2.7.  The  DBE,  on  the 
other  hand,  although  superior  to  the  GEA  in  range,  has  a range  13%  less  than  that  of  the  RVE  when  compared 
for  the  noise  limited  suppressed  all-supersonic  flight  condition.  The  supersonic  cruise  specific  fuel 
consumption  and  fuel  reserves  of  the  two  engines  are  not  too  dissimilar  (Table  II).  As  noted  earlier,  an 
increase  in  afterburner  temperature  limits  would  only  slightly  improve  the  range  of  the  DBE.  Therefore, 
the  prime  reasou  for  the  difference  in  range  is  that  the  installed  weight  of  the  DBE  propulsion  system  is 
19%  greater  than  that  of  the  RVE  and,  as  a matter  of  fact,  is  equal  to  that  of  the  GEA. 

The  VSCE  and  the  RVE  exhibit  approximately  equal  range  potential  yet  represent  widely  divergent 
variable-cycle  concepts.  The  VSCE  is  essentially  a turbofan  engine  with  controllable  primary  and  secondary 
nozzle-throat  areas  which  can  be  scheduled  to  provide  engine-inlet  flow  match  at  maximum  nonaugmented  power 
over  most  of  the  flight  spectrum.  The  RVE,  on  the  other  hand,  employs  a unique  flow  path  schedule  which 
provides  a cycle  change  from  what  is  essentially  a relatively  high  bypass  turbofan  to  a dual  turbojet. 
Unfortunately,  it  does  not  exhibit  fully  the  favorable  fuel  economy  of  the  conventional  turbofan  at  sub- 
sonic cruise  nor  that  of  a conventional  turbojet  at  the  supersonic  cruise  Mach  number.  This  is  a result 
of  the  cospr-mine  required  in  the  selection  of  fan  pressure  ratio.  In  the  turbojet  mode,  the  overall 
cycle  pressure  ratio  for  the  bypassed  flow  turbojet  is  equal  to  the  fan  pressure  ratio  and  is  too  low  for 
best  fuol  economy.  In  the  turbofan  mode,  the  fan  pressure  ratio  is  too  high  and  the  overpressurization 
ana  consequent  expansion  through  the  rear  turbine  reduce  the  thrust  potential  of  the  bypass  stream  due  to 
the  additional  rtse  in  entropy  through  che  fan  and  turbine.  In  addition,  the  RVE  cannot  generate  suffi- 
cient thrust  for  take-off  in  the  tuebofan  mcie-  which  is  desired  for  reasons  of  noise,  because  its  air 
handling  capacity  is  not  increased  to  compensate  for  its  low  specific  thr-st.  Thus,  for  these  reasons, 
the  RVE  does  not  meet  the  full  objectives  of  a variable-cycle  eug*ue  set  forth  by  Nichole  (Ref.  1). 

The  DOE  is  the  only  one  of  the  three  considered  variable-cycle  engines  which  maintains  full  engine 
airflow  at  the  subsonic  cruise  power  setting.  The  other  two  variable-cycle  engines  must  sj  . 1 or  bypass 
from  12  to  2i%  of  full  throttle  airflow.  The  fixed  airflow  of  the  DOE  in  combination  with  the  translating 
shroud  nozzle,  provides  throttle  independent  bypass,  spillage,  and  boattail  drag  down  to  one-half  of  the 
maximum  nonaugmented  thrust  level.  The  elimination  of  throttle  dependent  drag  is  one  of  the  goals  for 
vartable-cyele  engines  advocated  by  Swan  (Ref.  2).  However,  the  specific  design  of  the  translating  shroud 
Incurs  a basic  boattail  drag  which,  if  it  were  possible  to  eliminate  by  redesign,  would  yield  subsonic  as 
well  as  supersonic  cruise  specific  fuel  consumption  rates  equal  to  the  VSeE.  Although  the  range  of  the 
DBE  would  increase  as  a result  of  eliminating  the  boattail  drag,  it  would  not  equal  that  of  the  VSCE  or 
RVE  because  of  its  higher  propulsion  system  weight  fraction. 

It  ean  be  concluded  that  the  range  increase  noted  for  ell  engines,  as  compared  to  the  GEA,  may  not  be 
due  as  much  to  meeting  the  goa-t  outlined  for  variable-eyele  engines  as  that  due  to  advauced  technology 
represented  by  higher  turbine  temperature,  improved  component  performance,  annular/coannular  noise  relief, 
structural  efficiency,  and  to  the  selection  of  eyele  parameters  and  methods  of  operation  to  best  mateh  the 
conflicting  performance  requirements. 

Comparison  of  the  relative  range  of  the  th-ee  candidate  variable-cycle  engines  to  that  of  the  refer- 
ence engine  indicate  that  further  significant  improvements  are  possible.  However,  these  improvements  in 
potential  fuel  savings  are  contingent  upon  finding  a means  of  varying  cycle  parameters  far  each  flight 
condition  which  are  not  too  costly  in  terms  of  weight.  For  example,  if  it  were  possible  to  achieve  the 
‘ow  fuel  consumption  rates  of  the  reference  engine,  it  would  be  pointless  to  do  so  if  the  installed  pro- 
pulsion system  weight  were  equal  to  or  greater  than  171%  of  the  longest  range  variable-eyele  engine,  for 
then  there  would  be  no  gain  in  range. 


It  should  bo  emphasized  that  the  SCAR  engine  program  was  undertaken  with  the  goal  of  determining  the 
potential  gains  possible  for  supersonic  cruise  aircraft  equipped  with  advanced  technology  engines  and  if 
found  attractive  to  foster  research  on  those  components  critical  to  achieving  that  goal.  As  a group,  the 
variable-cycle  engines  were  found  to  be  superior  to  the  more  conventional  cycles.  However,  the  relative 
ranking  of  the  three  variable  cycles  considered  in  this  paper  does  not  necessarily  reflect  the  desirabil- 
ity of  choosing  the  highest  ranking  cycle  for  development  at  this  time  for  several  reasons.  First,  the 
flight  Mach  number  of  2.7  chosen  for  the  purpose  of  comparison  with  the  GE4  may  not  be  the  most  desirable 
flight  speed.  The  three  airplane  companies  have  performed  independent  studies  which  indicate  the  most 
economically  desirable  flight  Mach  number  varied,  depending  upon  company,  from  a low  of  2.2  to  a high  of 
2.55.  Second,  the  relaxation  of  the  restrictive  take-off  field  length  would  favor  the  VSCE  which  Is  the 
only  cycle  whose  sizing  is  strictly  limited  in  range  by  take-off  field  length  and  not  by  noise.  Last, 
the  rankings  ignore  the  complexity,  maintainability,  and  cost  factors  and  are  dependent  solely  upon 
achieving  the  flexibility,  performance,  and  weight  assumed  for  each  engine.  A case  in  point  is  the  low 
ranking  of  the  DBE  due  in  large  measure  to  Its  relatively  heavy  weight.  Whether  this  Is  caused  by  a con- 
servative weight  extrapolation  philosophy  by  one  manufacturer  or  to  an  optimistic  estimate  for  the  other 
two  engines  by  the  second  manufacturer  or  whether  cither  or  both  estimates  are  valid  cannot  be  determined 
until  a detailed  part-by-part  engine  design  is  completed.  Before  Initiating  any  such  costly  detail  design, 
the  basis  for  the  assumed  component  performance  must  be  examined.  For  conventional  components  such  as  fans, 
compressors,  combustors,  and  turbines,  the  historical  background  and  on-golng  research  and  development  pro- 
grams applicable  to  all  types  of  engines  provide  a firm  base  from  which  to  project  performance  and  weight 
estimates.  However,  it  Is  necessary  to  verify  the  performance  of  new  and  advanced  technology  Items  which 
affect  overall  engine  performance  or  weight.  Some  of  the  more  critical  items  in  this  category  are  reviewed 
below. 

A new  technology  Item  that  has  an  Important  influence  on  the  selection  of  engine  size  and  thus  range 
is  the  Jet  noise  relief  due  to  the  coannular/annular  effect.  Although  this  effect  was  noted  many  years 
ago,  Its  potential  benefits  were  noc  recognized  until  recently.  Small-scale  static  tests  have  established 
the  suppression  level  over  a range  of  bypass  and  velocity  ratios  for  the  coannular  nozzle  and  radius  ratios 
for  the  annular  nozzle  and  have  been  used  as  a base  for  estimating  the  relief  for  the  subject  engines.  The 
effects  of  forward  velocity,  size,  and  internal  stream  mixing  upon  noise  suppression  levels  arc  as  yet  not 
well  known.  Therefore,  NASA  has  established  a phased  experimental  program  to  determine  their  Influence 
upon  nolso  suppression  and  to  provide  a firmer  base  for  future  noise  prediction  studies. 

The  development  of  a highly  efficient  secondary  burner  is  a particularly  critical  item  from  the  stat.i- 
polnc  of  meeting  the  anticipated  hydrocarbon  emission  standard  es  well  as  its  effect  upon  fuel  consumption. 
Of  all  the  variable-cycle  engines,  the  performance  of  the  VSCE  is  most  vulnerable  to  duct  burner  design 
changes  that  may  be  needed  to  meet  the  combustion  efficiency  levels  assumed.  The  higher  pressure  and 
temperatures  associated  with  the  secondary  burners  of  the  other  two  engine  cycles  makes  the  problem  of 
attaining  high  efficiency  only  slightly  less  difficult.  To  provide  insight  and  guidance,  NASA's  Experi- 
mental Clean  Combustor  Program  was  enlarged  to  Include  the  study  of  duct  burner  concepts  leading  to  high 
efficiency  and  low  emissions. 

The  vavlabie-cycle  engines  employ  scheduled  stator  angle  settings  in  both  the  fan  and  compressor  ele- 
ments which  in  combination  with  spool  speed  and  exhaust  nozzle  throat  area  variation  is  used  to  essentially 
match  tne  inlet  airflow  schedule  at  maximum  turbine  inlet  temperature.  In  addition,  the  stator  angles  ere 
scheduled  to  maintain  the  englue  operating  line  on  the  fan  and  compressor  maps  near  regions  of  best  effi- 
ciency. For  the  DBE,  as  the  cycle  changes  from  double  to  single  bypass  operation,  the  compressor  must 
accept  approximately  25%  greater  airflow.  This  produces  a difficult  design  problem  of  maintaining  good 
efficiency  and  sufficient  stall  margin  over  a vide  pumping  range.  The  assumed  performance  of  the  DBE 
depends  to  a greater  degree  upon  the  resolution  of  this  design  problem  than  do  the  other  cycles.  Support 
for  a research  program  lu  this  area  has  been  funded  by  NASA. 

The  use  of  airflow  path  control  valves  for  cycle  flexibility  is  uniquely  identified  with  the  RVE  and 
DBE  cycles.  Estimates  of  valve  pressure  loss  for  these  cycles  were  based  upon  model  tests,  however,  the 
trade  off  of  component  performance  and  weight  to  achieve  maximum  overall  system  performance  need  more 
refined  design  and  teat  data.  In  addition,  the  losses  associated  with  mixing  streams  of  differing  energy 
levels,  the  effect  of  leakage,  and,  for  the  RVE,  the  effect  on  turbine  efficiency  of  a periodic  circumfer- 
ential temperature  variation  need  to  be  determined  to  validate  the  engine  performance  estimates. 

The  SCAR  engine  studies  have  resulted  in  unusual  design  and  control  concepts  advocated  by  the  engine 
manufacturers  and  verified  by  the  airplane  company's  systems  Btudies  Although  they  show  significant 
range  improvements  as  compared  to  the  CE4.  further  improvements  may  be  possible  if  the  propulsion  system 
concept  is  treated  as  an  entity.  To  this  end,  future  studies  will  involve  the  cooperative  effort  of  the 
euglne  and  airplane  manufacturers  to  identify  means  of  modifying  the  inlet,  engine  cycle,  and  nozzle  by 
trading  component  performance  and  weight  to  either  maximise  range  or  minimise  take-off  gross  weight. 


7.0  COKCIUSIUNS 

An  examination  of  the  *.inge  potential  of  three  candidate  variable-eyeie  engines  proposed  for  a second- 
generation  supersonic  cruise  transport  was  undertaken  to  determine  the  possible  improvements  in  performance 
as  compared  to  that  obtainable  with  19B9  teehr,  uogy  represented  by  the  U.S.  SST  GE4  engine.  The  three 
variable-cycle  engines  are  descriptively  designated  as  the  Variable  Stream  Control  Engine,  the  Rear  Valve 
Engine,  and  the  Double  Bypass  Engine.  Comparison  of  the  range  performance  of  these  engines  was  made  with 
that  of  a fantasized  completely  variable  propulsion  system  used  to  represent  the  potential  upper  bound  of 
sueh  engines.  In  addition,  critical  areas  requiring  new  or  improved  technology  for  each  of  tbe  subject 
variable-cycle  engines  are  noted. 

The  aircraft  configuration  chosen  for  the  study  had  an  arrow-wing  plaafora  with  four  engines  mounted 
in  separate  pods  beneath  the  wing.  The  take-off  gross  weight  and  payload  were  fixed  and  the  engine  size 
and  wing  area  were  varied  to  achieve  maximum  range  within  certain  operational  restraints.  The  primary 
mission  was  a ttaeh  number  2.62  hot  day  all-supersonie  cruise;  however,  the  effects  of  a 1111-ks  (bOG-u.-si.) 


--t 
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subsonic  cruise  element  at  either  the  departure  or  arrival  portion  of  the  flight  was  considered.  To 
determine  the  effects  of  noise  regulations  upon  range,  the  maximum  range  was  calculated  for  engines 
sized;  first  without  any  noise  restraints,  then  to  satisfy  the  noise  criteria  but  without  the  use  of 
any  form  of  suppression,  and,  last,  to  satisfy  the  noise  regulations  using  annular/coannular  noise 
relief  or  mechanical  suppression. 

The  best  variable-cycle  engine  had  about  25?  greater  range  than  the  GE4  when  no  noise  restrictions 
were  imposed  and  about  402  greater  range  than  the  GE4  for  engines  sized  to  meet  the  noise  criteria  with 
suppression. 

For  engines  sized  to  meet  the  noise  limit  with  suppression,  the  best  variable-cycle  engine  exhibited 
a range  of  752  of  that  of  the  fantasized  completely  variable  propulsion  system  while  the  CE4  had  532  of 
this  range. 

The  subsonic  cruise  requirement  reduced  the  range  of  the  variable-cycle  engines  from  3 to  62  but 
reduced  the  range  of  the  CE4  by  approximately  192. 

The  range  of  the  candidate  variable-cycle  engine  is  reduced  only  2 to  62  by  the  necessity  ro  resize 
the  engines  in  the  event  of  failure  to  achieve  any  of  the  noise  suppression  assumed.  For  the  saau  condi- 
tion, a resized  CE4  will  lose  242  of  Its  range. 

Although  major  potential  improvements  in  range  appear  possible  with  increased  propulsion  system 
variability,  U cannot  be  realized  if  tho  system  weight  must  lncrcoso  significantly  to  achieve  the  flexi- 
bility required. 

The  performance  of  any  of  the  variable-cycle  engines  depends  critically  upon  the  attainment  of  the 
predicted  technology  levels  used  in  these  studies.  To  provide  the  needed  technology,  programs  are 
required  to  develop  clean  duct/af terburners  with  efficiencies  very  much  better  than  present  values; 
to  develop  light,  low  loss  valving  to  divert  and  mix  streams  of  differing  energy  levels;  to  develop 
rotating  engine  components  which  provide  the  flexibility  to  accept  wide  variations  in  flew  with  acceptable 
efficiency  and  surge  margins;  and,  finally,  to  verify  and  understand  the  mechanism  leading  to  the  noise 
relief  associated  with  the  annular/coannular  Jot  effect. 
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Figure  7.  Inlet  description. 
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Figure  9.  installed  and  uninstalled  engine 
performance. 
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DISCUSSION 


H.A.Culdsinith 

The  effect  of  the  eo-annular  silencing  phenomenon  on  range  at  fixed  noise  appears  to  be  remarkably  small, 
particularly  for  the  VSCL  engine  (Figures  9 and  12).  Is  this  a correct  interpretation? 

Author's  Reply 

Yes.  However,  this  is  a result  of  a rather  restrictive  assumption  of  a takeoff  field  length  of  3,200  m (10.500  ft.). 
The  VSCIi  engine  sized  to  meet  this  takeoff  field  length  exhibits  a noise  level  4 EPNdll  less  than  the  allowable  FAR 
value  of  108  (untraded).  Increasing  the  field  length  to  3,810  (12,500  ft.)  would  have  permitted  the  eo-annular 
effect  to  be  more  effectively  used  to  meet  the  noise  limit  with  a consequent  increase  in  range  of  approximately  five 
percent. 


J.F.Chevalier 

Dans  le  moteur  RVE  Ces  moteurs  ont  une  temperature  de  rechauffe  de  131 1°C  d’apres  votre  papier,  n'esKe-pas? 
Dans  le  cas  du  moteur  DUE  s' a doit  corresponds  a une  elevation  de  temperature  tres  faible  dans  le  tlux  secondaire. 
On  serait  tenter,  done,  d’essayer  un  double  tlux.  sans  chauffe  du  flux  secondaire,  et  legerement  plus  gros,  de  memo 
technologic.  Est-ce  <;ue  Ton  a’aurait  pas  un  bon  resultat  egaleineni? 

Author's  Reply 

In  reply  to  the  first  question  The  maximum  outlet  temperature  of  the  secondary  burner  is  indeed  13 1 1°C.  The 
secondary  burner  is  not  a reheater  but  a combustor  which  is  used  during  the  "twin  turbojet’’  mode  of  operation  to 
heat  the  airtlow  entering  the  rear  turbine  element. 

To  answer  the  second  question  The  use  of  an  advanced  turbofan  engine  without  reheat  for  propelling  an  aircraft 
to  a Mach  number  of  2.7  would  lead  to  a prohibitively  large  engine.  Although  the  good  specific  weight  (weight  per 
unit  airtlow)  and  specific  fuel  consumption  are  attractive,  the  low  specific  thrust  requires  large  airtlow  rates  to 
achieve  the  thrust  required  to  accelerate  and  cruise  at  the  design  speed.  Reheat  applied  to  the  bypassed  airtlow  of 
such  an  engine  would  result  in  a cycle  basically  similar  to  the  VSl'E. 


USE  OF  ENGINE  VARIABLES 
TO  IMPROVE  MILITARY  PERFORMANCE 

by 

N.G.  HATTON  and  B.  SWANN 
Rolls-Royce  (1971)  Limited,  Derby  England 


SUMMARY 


Military  aircraft  require  superior  engine  performance  over  a wide  range  of 
flight  conditions  which  In  some  cases  Involve  operation  far  from  the  engine 
design  point.  If  the  cycle  can  be  varied  by  geometric  changes  to  allow 
operation  nearer  the  design  point  then  there  is  potential  for  significantly 
improving  engine  performance. 

This  paper  covers  several  such  cases,  first  examining  the  cycle  changes 
which  could  be  of  value,  then  the  consequent  geometric  changes  that  would 
be  requirod.  The  effect  of  representative  losses  due  to  cycle  and 
geometric  changes  are  illustrated  and  with  the  inclusion  of  these  not  all 
the  cases  examined  indicate  success  for  variable  cycles.  However,  with  a 
theoretical  investigation  of  this  type  it  is  considered  to  be  worth  including 
even  those. 


SELECTION  OF  CASES  TO  BE  INVESTIGATED 


This  paper  la  restricted  to  conventional  aircraft  in  that  it  does  not  include  those  with  VTOL 
capability.  The  selection  of  cases  worth  investigating  therefore  resolves  itself  into  looking 
for  parts  of  the  flight  plan  well  removed  from  engine  design  conditions. 

Ue  have  considered  engines  of  moderate  bypass  ratio  designed  at  sea  level  static  conditions,  which 
again  is  conventional.  Figure  1 shows,  typically,  how  far  the  airflow  and  turbine  inlet  temper- 
ature of  these  eugines  fall  away  together  at  low  corrected  speeds  and  relates  these  to  thr  flight 
condition. 

Using  this  diagram  three  flight  conditions  have  been  selectedt- 
Low  Thrust  Requirement,  at  Low  Altitude  and  Low  Mach  No. 

This  condition  covers  combat  aircraft  with  a tong  cruise  or  loiter  requirement  and  maritime 
reconnaissance  atreraf  . For  the  eases  In  mind  altitude  would  be  in  the  range  0 to  1500  metres 
and  Mach  No.  from  0. j to  0.5.  The  thrust  requirement  could  be  as  low  as  12  to  301  ot  the  maximum 
engine  thrust  at  this  condition  and  leads  to  the  lowest  corrected  speeds  at  which  performance  is 
of  importance.  The  fuel  used  here  can  be  a very  significant  fraction  of  the  total  mission  fuel 
requirement  so  that  the  target  i«  to  attain  the  lowest  possible,  specific  fuel  consumption. 
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Even  at  maximum  turbine  inlet  temperature  the  corrected  speed  of  the  engine  falls  with  Increase 
of  forward  speed  due  to  increase  in  inlet  temperature  and  by  the  time  the  Mach  No.  range  G.g  to 
1.2  Is  reached  the  corrected  airflow  has  fallen  by  10%  to  15%.  Scope  therefore  exists  for 
restoring  the  cycle  to  nearer  the  design  point  and  so  increasing  thrust.  Restoration  by  a system 
of  variables  would  have  the  merit  of  increasing  thrust  without  the  overstresslug  and  reduction 
of  engine  life  involved  in  merely  opening  the  throttle  and  could  give  lower  fuel  consumption. 

Maximum  thrust  at  Altitude 


At  higher  altitude  similar  considerations  apply  as  at  sea  level  when  the  max  times  thrust  is 
required.  However,  due  to  the  lower  ambient  temperature  the  corrected  speed  of  the  engine  does 
not  fall  severely  until  higher  Mach  No.  At  Aka  the  Mach  No.  range  1.2  to  !.b  is  worth  exploring 
and  at  th^se  higher  (light  speeds  a reheated  engine  is  assumed. 

Cases  Involving  High  Corrected  Speeds 

A restriction  on  thrust  could  result  tree  the  engine  running  at  higher  corrected  speeds  than 
design,  for  example,  in  the  stratosphere  at  subsonic  speeds  where  the  compressor  flow  may  choke, 
ttowever  it  is  difficult  to  consider  means  of  avoiding  this  which  do  not  awunt  to  designing  the 
engine  to  pass  more  airflow  from  the  outset  with  consequent  increased  sice  and  weight.  This 
aspect  has  therefore  not  been  considered. 


IMPROVEMENT  IN  SFC  AT  LOW  THRUST.  LOW  ALTITUDE  AND  LOW  MACH  NO, 


Figure  2 ahows  In  airrpl*  terns  what  la  potentially  available.  A typical  fuel  consumption  agalnat 
thruat  curve  la  a hewn  with  tha  ahape  uaually  obaerved,  nearly  an  Improvement  In  SFC  on  throttling 
from  the  maxlnaw  thruat  to  a minimum  value  followed  by  a deterioration  aa  thruat  la  reduced  further 
Military  aircraft  operating  aubaonlealty  comonly  have  to  operate  on  the  rlalng  left  hand  aide  of 
the  curve  for  long  period*,  and  a aavlng  In  fuel  could  well  be  worth  the  coat  Involved. 

The  SFC  can  be  expressed  In  terns  of  tha  thermal  and  propulalve  efflclenclea  of  the  cycle. 


SFC 


K 

y THERMAL  x 


Vo 

^ PROPULSIVE 


where  Vo  la  the  flight  speed  and  K la  a constant 


The  thermal  and  propulsive  efficiencies  are  alto  plotted  In  Figure  2.  With  reduced  thrust, 
thermal  efficiency  falls  due  to  reduction  of  temperature  and  pressure  but  in  principle  thermal 
efficiency  could  be  kept  constant  if  tsnpercture  and  pressure  were  maintained  constant  by  geometric 
variables.  Propulalve  efficiency  on  the  other  hand  increases  because  airflow  does  not  fall  so 
rapidly  as  thrust.  However,  if  flow  could  be  maintained  constant  the  propulsive  efficiency  could 
be  still  higher. 

It  can  be  shown  that  If  both  these  alms  could  be  realised  the  SFC  curve  would  follow  a linear  re- 
lation and  would  fall  to  astonishingly  low  levels  at  low  thrust,  offering  a prize  well  worth 
investigating  further. 

The  case  which  has  been  taken  for  further  exaalnatlon,  from  a number  of  possibilities,  Is  a 
Maritime  Reconnaissance  mission  at  sea  level  with  Mach  No.  0.3.  The  operating  p'.lnt  Is  In  fact 
the  point  indicated  on  Figure  2.  The  thrust  la  assumed  to  be  only  131  of  the  maximum  available. 
This  may  seem  exceptionally  low,  but  the  location  on  the  SFC  loop  Is  not  untypical  of  other 
military  missions. 

The  design  cycle  is  as  follows* 

Bypass  ratio  1.3 

Pressure  ratio  20 

Turbine  entry  tamp.  1600°K  (at  303°K  compressor  entry  temp.) 

The  engine  is  assumed  to  have  2 shafts  and  to  be  of  slnple  configuration  in  which  the  flows  split 
downstream  of  the  LP  compressor.  This  means  that  with  a separate  Jet  engine  there  are  four 
geometric  variables  which  can  be  used  actively  to  control  the  engine  eyelet* 

HP  turbine  capacity 
LP  turbine  capacity 
Primary  nozzle  area 
Bypass  nozzle  area 

With  a mixed  engine  there  is  only  one  final  notcle  but  there  are  still  four  variables  as  a further 
variable  Is  the  ratio  between  hot  and  cold  stream  areas  in  tha  mixer. 

Effect  of  Cycle  Changes  on  SFC  (Severely  throttled  operation) 

Figure  3 shows  the  effeet  of  gradually  restoring  the  cycle  operating  parameters  from  the  low  values 
at  the  throttled  point  to  design  point  values  while  keeping  the  thrust  constant. 

Separate  Jets  are  assumed  and  the  first  step  Is  to  correct  the  jet  velocity  balance.  The  primary 
velocity  to  bypass  velocity  ratio  Is  too  lew  and  Is  increased  by  nozsle  area  changes  to  the  optimum 
value.  This  is  worth  2 it  of  sfe  and  this  optimum  is  maintained  for  the  remainder  of  figure  1. 

Thermal  efficiency  Is  next  restored  by  temperature  and  pressure  Increase.  Together  these  reduce 
the  fuel  by  no  less  than  4Q%  and  clearly  improvement  Is  obtained  more  rapidly  by  increasing 
temperature  before  Increasing  pressure  ratio. 

Restoration  of  the  design  corrected  airflow  improves  the  propulsive  efficiency  to  give  the  total 
saving  of  fuel  of  47%.  Due  to  secondary  effects  tike  offtakes  and  duet  tosses  this  is  not  so 
great  as  predicted  from  the  simplified  treatment  of  figure  2 but  still  very  well  worth  further 
Investigation. 

ttewever  the  changes  which  are  necessary  to  produce  this  effect  are  rather  discouraging.  As  a 
measure  of  eyele  change  the  bypass  ratio  Increases  from  near  3 to  over  30  for  full  restoration. 

The  area  changes  shown  in  figure  4 are  very  large.  Of  most  importance,  all  three  area  restrict* 
ions  controlling  the  core  flow  have  to  be  decreased  very  severely  and  more  or  less  in  step.  it 
night  have  been  hoped  that  the  first  step  is  change  of  geometry  would  have  given  a disproportionate 
gain  in  sfc  but  this  is  not  so.  To  gain  the  first  ?Q%  improvement  in  sfe  a reduction  in  HP 
turbine  edacity  of  over  30%  (and  corresponding  changes  in  the  other  morales)  would  be  required. 


For  a mixed  engine  the  assumption  is  mode  that  the  total  mixer  area  (hot  * cold  chuces)  is  constant 
Fig. 3 shows  that  the  picture  is  guite  similar  to  the  separate  Jets  case  with  the  hot  chute  area 
rep las  tag  the  primary  neasle. 
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Effect  of  Ororoetrlc  Changes 


The  previous  section  has  shown  the  effect  of  imposed  cycle  changes  and  given  tone  Idea  of  the 
geometric  changes  that  would  be  needed  to  achieve  the  cycle.  The  next  step  Is  to  take  the  given 
engine  design  and  find  the  direct,  Individual,  effects  on  sfc  of  changes  In  geometry.  A separate 
jets  configuration  Is  considered. 

Assumptions  must  be  made  about  the  losses  that  are  caused  by  the  variability.  In  the  turbines 
It  Is  assumed  that  where  losses  occur  they  will  be  duo  to  change  of  capacity  caused  by  variation 
of  tite  Inlet  nozzle  guide  vanes. 

The  variation  of  loss  is  shown  In  figure  6 and  is  taken  from  early  Rolls-Royce  tests.  The  level 
of  loss  no  doubt  can  be  Improved  and  the  effect  of  Its  total  elimination  Is  shown  later. 

Extra  indirect  loss  may  also  occur  in  the  turbines  due  to  movement  away  from  the  normal  operating 
points.  This  will  also  happen  in  the  compressors  with  the  additional  problems  of  movement 
of  the  operating  point  towards  the  surge  line  or  towards  choking  with  possible  structural  hazards. 
Variability  in  the  compressor  therefore  may  also  have  to  be  invoked. 

The  magnitude  of  the  penalties  due  to  movement  of  component  operating  point  clearly  depend  on  the 
component  characteristic  assumed.  The  components  used  are  representative  of  conventional  engines 
without  variables  and  it  is  possible  that  a rcmatching  or  re-dcslgn  of  the  basic  component  to  cope 
with  the  demands  on  working  point  movement  would  be  necessary.  The  effoct  of  totally  eliminating 
these  losses  is  shown  later. 

Results  with  Full  Loss  is  Turbines  and  No  Variability  in  Compressor 

The  most  pessimistic  assumptions  arc  made  initially  that  the  full  turbine  losses  discussed  above 
arc  present  and  that  the  compressors  have  no  built  in,  variability.  The  results  in  figure  7 
reveal  a conspicuous  lack  of  success,  as  small  gains  (at  best  1^7.)  arc  only  obtained  for  reduction 
of  primary  nozzle  area  and  reduction  of  UP  turbine  capacity.  This  is  due  mainly  to  component 
deterioration.  In  the  turbines  it  was  observed  that  HP  turbine  Variability  caused  only  HP  turbine 
loss  and  LP  turbine  variability  caused  only  LP  turbine  loss.  There  were  no  significant  inter- 
action effects.  T!ic  loss  of  efficiency  is  plotted  in  figure  8 and  indicates  appreciable  additional 
losses  due  to  working  point  movement  and  suggests  that  the  turbines  could  have  been  better  matched 
to  cope  with  the  variability.  On  the  LP  compressor,  figure  9 shows  that  only  the  bypass  nozzle 
caused  movement  away  from  the  working  line,  while  on  the  UP  compressor  (Fig. 10)  reduction  of  HP 
turbine  capacity  causes  severe  movement  towards  the  surge  line  and  reduction  of  LP  capacity  a 
slight  movement  in  that  direction.  The  basic  engine  is  well  matched  to  thu  highest  efficiency 
region  so  that  any  movement  will  lead  to  additional  losses. 

A summary  of  the  effects  of  the  four  component  changes  is  as  follows] 


VARIABLE 


Primary  Nozzle  Area 


Bypass  Nozzle  Area 


HP  Turbine  Capacity 


LP  Turbine  Capacity 


SPC  IMPROVEMENT 

1.5%  Max.  Improvement  with 
20%  area  reduction 


The  expected  improvement  • 
due  to  increased  flow  with 
increased  area  does  not 
materialise 


1%  maximum  improvement  with 
5%  capacity  reduction 


No  improvement  with  reduced 
LP  turbine 


COMMENT 

Improvement  due  to  reduction  in 
jet  velocity  ratio  soon  overtaken 
by  reducing  UP  compressor 
efficiency 

Improvement  due  to  increased  flow 
and  reduced  Jet  velocity  ratio 
more  than  offset  by  reduced  LP 
compressor  efficiency  and  bypass 
duct  less  increase 

Improvement  in  cycle  (incteased 
temperatures  and  pressure) 
overtaken  by  rapidly  increasing 
UP  turbine  and  HP  compressor 
efficiency  less 

Small  net  Improvement  in  cycle 
(temperature  up,  pressure  down) 
more  than  offset  by  LP  turbine 
efficiency  loss 


The  conclusion  must  be  that  gain  in  performance  is  being  limited  in  each  ease  by  the  additional 
losses  which  are  being  introduced. 

Result  with  tosses  due  to  ttavegene  ot  Working  tines  Eliminated  buE  loss  directly  due  to 
Turbine  Capacity  Changes  Retained 


A more  optimistic  assumption  is  now  made  that  the  introduction  of  variables  on  the  compressors 
would  eliminate  any  deterioration  in  efficiency  (as  wail  as  avoiding  surge).  Similarly  the  loss 
of  efficiency  in  the  turbine  due  to  working  line  movements  is  assumed  eliminated  due  to  a combin- 
ation ot  rematehing  and  redesign.  The  direct  toss  due  no  turbine  variability  itself  is  retained. 
The  resulting  gain  in  performance  is  however  only  marginally  increased  as  shown  by  comparing 
fig. 11  with  fig. 7 and  requires  « greater  geometric  change  to  take  advantage  of  it. 
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2.2.3 


Results  with  all  Losses  In  Iurbomachlnery  duo  to  Variability  Eliminated 


This  change  can  improve  only  turbine  capacity  effects.  For  the  first  time  (as  shown  by  fig. 12) 
the  reduction  in  SFC  due  to  HP  turbine  capacity  is  quite  large.  However  this  is  by  far  the  most 
difficult  variable  to  use  for  both  mechanical  and  aerodynamic  reasons. 

It  is  worth  stating  what  would  be  required  to  achieve  say  5%  sfc  improvement  due  to  the  latter. 

(a)  No  UP  turbine  loss  with  a 22%  reduction  in  turbine  capacity 

(b)  No  HP  compressor  loss  with  a 13%  reduction  in  flow  at  a pressure  ratio. 

This  sets  the  designer  a next  to  impossible  target  and  the  effort  could  be  incormensurate  with 
the  possible  gains. 

2.2.4  Combinations  of  Variables 

Particular  combinations  of  variables  however  could  be  more  successful  than  the  sum  of  the  indiv- 
idual effects.  From  the  cycle  investigation  shown  in  figures  3 and  4 it  appeared  that  all  three 
geometric  variables  controlling  core  flow  should  be  changed  together.  Applying  this  to  the  engine 
design  being  investigated  and  the  most  optimistic  component  deterioration  assumption,  all  three 
capacities  were  reduced  by  50%.  The  SFC  reduction  was  20%  largely  confirming  the  simple  cycle 
calculations. 

How  a variation  of  this  magnitude  could  be  implemented  practically  is  not  too  clear.  One  way  of 
reproducing  the  cycle  effects  on  a multi-engine  situation  would  be  to  have  the  HP  compressor  of 
two  engines  feeding  the  combustion  and  turbine  system  of  only  one.  This  would  involve  elaborate 
ducting  and  cross  shafting  but  woulu  not  need  actual  turbine  variation. 

However  since  a multi-engine  situation  is  inherent  in  this  scheme  the  simpler  possibility  exists  of 
merely  closing  down  one  engine  of  a pafr  and  opening  the  throttle  of  the  other  engine  to  double 
its  net  thrust.  This  takes  advantage  of  the  shape  of  the  SFC  loop  and  in  the  case  considered 
the  reduction  in  fuel  can  be  seen  to  be  about  20%  also. 

3.  INCREASE  THRUST  AT  FORWARD  SPEED 


To  assess  what  scope  exists  for  increasing  thrust  at  forward  speed  the  first  step  is  to  examine 
the  operating  conditions  of  a conventional  engine  against  the  assumed  design  point  at  sea  level 
static. 

The  engine  cycle  considered  is  as  follows  at  design  point s- 


Bypass  Ratio 

0.5 

Overall  Pressure  Ratio 

20 

Turbine  Entry  Temperature 

1600° K (at  303°K  inlet  temp.) 

Reheat  capability  is  assumed  and  therefore  a mixed  stream  engine.  Fig. 13  covers  both  the  0.9 
l3ch  No.  sea  level,  and  1.6  Mach  No,  6 km  cases  and  shows  that  the  corrected  flow  is  well  below 
design,  as  is  pressure  ratio  particularly  on  the  LP  compressor.  Also  the  actual  I.P  shaft  speed 
is  below  design  so  that  the  prospects  look  good  for  appreciable  thrust  gain  by  exploiting  this 
underused  capacity. 

The  simplest  way  to  increase  thrust  is  merely  to  open  the  throttle  and  it  is  against  this  action 
that  all  other  possibilities  have  to  be  judged.  It  would  be  possible  to  open  the  throttle  until 
the  aerodynamics  are  restored  to  the  design  conditions  but  by  this  time  the  turbine  entry  temper- 
ature, the  compressor  delivery  temperature  and  the  speeds  would  be  excessive. 

The  aim  here  is  by  means  of  variables  to  exploit  the  full  aerodynamic  capability  of  the  compressors 
(together  with  LP  compressor  speed  restoration)  with  minimum  increase  of  operating  temperatures. 

The  variables  at  our  disposal  can  be  listed  Initially  ast 

(a)  Final  Nozzle 

In  a reheated  engine  this  is  an  inbuilt  feature 
(t)  Mixer 

Within  a constant  total  mixer  area  the  hot  area  can  be  increased  at  the  expense  of  the 
cold. 

(c)  LP  turbine  capacity 

(HP  Turbine  capacity  change  has  not  been  considered.  It  is  the  most  difficult  to 
achieve  and  preliminary  work  showed  no  merit  in  its  use). 

To  help  in  understanding  which  way  the  cycle  should  be  changed  to  give  most  thrust  the  results 
of  simple  cycle  calculations  with  constant  efficiencies  are  given  in  Fig. 14.  The  total  corrected 
airflow  is  assumed  to  be  restored  to  its  design  value  and  the  turbine  entry  temperature  (and  reheat 


3.1 


temperature)  Is  held  constant.  With  constant  temperature  and  constant  HP  nozzle  guide  vanes  It 
can  be  shown  that  the  core  flow  Is  directly  proportional  to  the  overall  pressure  ratio.  It  is 
seen  that  on  this  simple  basis  at  0.9  Mach  No,  1811  thrust  Increase  is  predicted  (mainly  through 
Increase  of  core  flow)  and  at  1.6  Mach  No,  reheated,  4111  thrust  Increase  Is  predicted  (mainly 
through  increase  of  the  total  engine  flow). 


allcation  of  Variable  Oeometrv 


It  appears  from  the  foregoing  that  the  key  to  Increase  of  thrust  Is  in  the  LP  compressor  either 
via  restoration  of  airflow  or  restoration  of  pressure  ratio  or  both.  The  working  line  on  the 
compressor  has  therefore  been  shown  in  Fig. 15. 


A working  line  with  throttle  opening  is  shown  compared  with  the  effect  of  Increasing  the  three 
selected  geometric  variables.  Two  variables  produce  movement  in  more  or  less  tho  right  direct- 
ion on  the  LP  compressor  (while  the  LP  turbine  capacity  effect  is  largely  confined  to  Increasing 
the  pressure  of  the  HP  compressor).  Tho  diagram  suggests  that  a judicious  combination  of  fine! 
nozzle  area  and  mixer  hot  area  increase  would  give  a large  thrust  increase  and  could  leave  the 
operating  point  on  the  normal  working  line.  This  would  eliminate  the  need  for  any  special 
variable  on  the  LP  compressor. 


This  diagram  also  raises  the  question  of  limits.  How  for  should  one  push  the  flow  and  speed 

increases  involved?  It  is  difficult  to  fix  hard  and  fast  limits  since  one  parameter  can  be  traded 

against  another.  However  the  following  tentative  list  was  drawn  upt- 

(a)  LP  compressor  corrected  flow  not  to  exceed  design  + 5%  (with  LP  pressure  fixed  as  the 

corresponding  point  on  the  normal  working  line). 


(b)  HP  compressor  corrected  flow,  not  to  exceed  design  +10%. 

(c)  Shaft  speeds.  Precise  limits  are  not  assigned  to  these  as  use  of  variables  in  the 
compressor  could  allow  the  speed  at  a flow  to  be  decreased  somewhat.  Cases  to  be 
considered  on  merits. 


3.2 


(d)  Compressor  delivery  temperature.  No  limit  is  set  for  this,  as  it  must  be  regarded 
as  a main  parameter  in  assessing  the  success  of  the  operation.  With  sophisticated 
turbine  cooling  systems  it  is  at  least  as  valuable  in  terms  of  turbine  blade  life 
to  cool  tho  compressor  delivery  cooling  air  as  it  is  to  cool  the  turbine  entry 
temperature  by  the  same  amount. 


Thrust  Increase  at  Mach  No.  0.9  Sea  Level. 


In  assessing  the  merits  of  the  alternative  ways  of  thrust  increase  a target  of  10%  increase  is  set. 
Results  in  Fig. 16  are  given  both  with  constant  component  efficiency  (the  most  optimistic)  and  tho 
most  pessimistic  standard  with  full  losses  in  the  turbines  and  fixed  compressor  characteristics 
(the  latter  given  in  parenthesis). 


Considering  the  optimistic  standard  first  the  best  variation  would  be  a combination  of  increased 
final  nozzle  and  mixer  primary  chute. With  a thrust  increase  of  10%,  the  SFC  is  slightly  better  and 
the  compressor  delivery  temperature  is  only  7 K in  excess  of  the  throttle  opening  case  to  set 
against  saving  the  53  K increase  of  turbine  entry  temperature  that  this  would  involve.  This 
would  be  quite  attractive.  However  with  the  full  loss  standard  only  5%  thrust  increase  can  be 
achieved  with  this  combination  of  variables  and  the  advantage  in  terms  of  SFC  improvement  and  engine 
operating  temperatures  relative  to  throttle  opening  has  been  lost. 


The  thrust  gain  found  here  could  have  been  larger  if  it  were  not  for  the  penalty  carried  for  the 
reheat  capability  of  this  engine.  The  pressure  loss  is  assumed  to  be  5%  at  design  but  with 
opening  of  the  nozzle  this  increases  severely.  However  if  in  the  context  of  this  paper  we  can 
be  allowed  the  luxury  of  a variable  reheat  system  with  gutters  and  possibly  fuel  pipes  stowed  away 
when  not  in  use  then  the  pressure  loss  can  be  largely  eliminated  (to  say  a nominal  1%).  The 
performance  even  without  the  other  variables  is  improved  by  nearly  2%  of  thrust  and  SFC  and  this 
is  included  with  the  gain  due  to  the  other  variables  in  Fig. 17.  The  max.  gain  allowing  for  a 
practical  loss  standard  in  the  other  components  is  then  8%  at  which  there  is  a better  SFC  and 
overall  lower  operating  temperature  relative  to  a fixed  engine  with  throttle  opening. 


Increase  in  Thrust  at  Mach  No. 1.6.  6 Km.  Reheated 


At  this  condition  the  use  of  variables  is  more  successful  than  the  non-reheated  case  just  consid- 
ered. The  competition  is  not  so  severe  since  to  get  10%  more  thrust  at  a given  reheat  temper- 
ature by  increased  turbine  temperature  now  requires  82°C  rather  than  53°C  (Fig.l8)„  A combinat- 
ion of  final  nozzle  and  mixer  chute  area  is  still  the  most  promising  and  at  this  flight  condition 
is  much  less  subject  to  deterioration  by  the  introduction  of  a practical  loss  standard.  Even 
assuming  this,  a gain  of  10%  of  thrust  is  predicted  with  no  increase  in  compressor  delivery 
temperature  over  opening  the  throttle  for  an  SFC  penalty  of  3%.  However  reheat  operation  could 
be  rather  difficult  in  practice,  because  the  ratio  of  total  pressure  in  the  mixer  (cold  to  hot) 
is  high. 
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DISCUSSION 


J.C.Ripoll 

Figure  2 shows  a (incur  decrease  of  SFC  down  to  zero  thrust  us  a potential  possibility.  Does  not  thermodynamics 
impose  an  increase  towards  infinite  values  near  zero  thrust? 

Vous  avez  montre  une  figure  oil  vous  indiipiez  que  It  consummation  spicifique  peut  litre  ramenee  a zero  pour  des 
tres  faibles  poussees.  Je  me  demaiule  si  les  lois  de  la  thermodynainique  n’imposent  pas.  au  contraire.  qu'il  y ait 
toujours  une  asymptote  vers  I'infini  pour  une  poussee  nulle.  ce  qui  impliquerait  qu’on  ne  puisse  pas  obtenir  des 
resullats  aussi  bons  que  ceux  que  vous  avez  indiques  com  me  potentials.  Fst-ce  que  vous  pourriez  commenter  cette 
idee. 

Author's  Reply 

'The  linear  decrease  of  sfc  with  reduction  of  thrust  shown  in  figure  2 is  consistent  with  the  assumption  that  with 
variable  cycle  the  thermal  efficiency  can  be  maintained  constant  at  reducing  thrust.  This  requires  that  the 
combustion  temperature,  the  compressor  pressure  ratio  and  all  the  component  efficiencies  are  maintained  constant. 
At  the  same  time  flow  through  the  core  is  reduced,  (in  the  limiting  case  to  zero  at  zero  thrust)  and  the  compressor 
pressure  ratio  in  the  bypass  stream  is  also  reduced.  No  tosses  are  assumed  other  than  in  the  rotating  components. 
Thus  in  the  limiting  case  of  zero  tlirust  all  losses  reduce  to  zero  and  this  is  consistent  with  the  linear  relation  plotted 
in  figure  2. 

Of  course  this  is  a quite  unpractical  state  of  affairs.  If  the  airflow  is  finite  (in  fact  assumed  to  be  the  design  value) 
then  clearly  there  will  be  finite  parasitic  losses,  for  example  in  the  bypass  duct,  so  that  in  practice  there  must  be  in- 
finite sfc  at  the  limiting  zero  thrust  condition. 

In  the  work  following  figure  2 therefore  more  realistic  assumptions  are  made.  Figure  3 is  a step  in  this  direction,  in 
that,  us  the  cycle  is  varied  at  a tlirust.  duct  losses  are  maintained  as  a fixed  percentage  of  pressure.  At  the  specified 
thrust  ( 1 3%  of  maximum)  the  potential  reduction  in  fuel  consumption  is  47%  compared  with  a reduction  of 
approximately  65%  indicated  from  figure  2. 


J.P.Vtegtierl 

You  have  talked  about  steady  state  performance  of  the  engine.  Could  you  say  something  about  accelerating  per- 
formance from  idle  as  influenced  by  nozzle  variation.  Would  that  be  improved  with  open  nozzle  especially  when 
you  have  intake  distortion  in  your  engine? 

Author's  Reply 

1 think  it  must  be  improved.  We  have  not  investigated  this  in  the  context  of  tliis  paper  but  if  one  lias  an  extra 
degree  of  variability  then  clearly  the  possibility  of  controlling  the  working  line  of  the  compressor  is  improved. 


ti.Gficb 

In  the  case  of  the  mixed  flow  turbofan  with  variable  IIP-  and  IP-turbines  ana  a variable  mixer,  you  reduce  dry  thrust 
by  the  reduction  of  TFT  at  a high  level  of  mass  flow  and  overall  pressure  ratio.  This  results  in  a higher  pressure  level 
of  the  duct  flow  compared  with  that  of  Ute  primary  flow  behind  the  FP-turbine.  The  duct  flow  expands  through  the 
mixer  to  the  pressure  level  of  the  primary  flow.  From  our  own  studies  we  expect  SFC-peuaUies  at  dry  partload  due 
to  the  energy  loss  of  the  duct  flow.  Did  you  investigate  this  point? 

Author's  Reply 

The  dry  low  thrust  eases  we  looked  at  were  applicable  to  a separate  jets  engine.  There  b exactly  the  same  problem 
in  that  the  jet  velocity  ratio  may  move  away  from  the  optimum  value.  This  tends  to  happen  if  a single  controlling 
area  b varied  in  isolation  but  can  usually  be  prevented  if  suitable  combinations  of  variables  are  employed.' 


POSSIBILITIES  OP  ADAPTING  BYPASS-ENGINES 
TO  THE  REQUIREMENTS  OF  HIGHER  SUPERSONIC  FLIGHT 
by 
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INDUSTRIEANLAGEN-BETRIEBSGESELLSCHAFT  mbH 
Ottobrunn,  West  Germany 


SUMMARY 


This  paper  investigates  some  methods  of  improving  the  adaptability  of  the  reheated  bypass 
engine  to  supersonic  flight  missions  by  varying  the  thermodynamic  cycle.  In  particular, 
the  following  possibilities  have  been  studied) 

- fuel-rich  primary-flow  heating  during  reheat  operation 

- fuel-rich  total-flow  reheating  during  high-thrust  mission  segments 

- precooling  of  turbine  coolant  by  heat  exchange  with  reheat  fuel 

- intercooling  of  primary  air  flow  by  heat  exchange  with  reheat  fuel. 
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1.  INTRODUCTION 


For  a long  time,  there  has  bsen  a demand  for  aircraft  which  are  supposed  to  fly  missions 
both,  in  ths  subsonic  range  and  - after  passing  through  the  transonic  range  - for  extend- 
ed durations  in  thr  supersonic  range.  This  combination  of  flying  missions  requires 
adaptable  enpin-3  systems  allowing  to  accomplish  different  tasks  by  applying  simple  de- 
sign principles  and  within  the  acceptable  limits  of  fuel  consumption. 

In  order  to  show  soma  of  the  problems  connected  with  the  development  of  such  dual-purpose 
engines,  the  follow3 ng  paragraphs  will  discuss  hew  technological  innnuat-nns  in  engine 
construction,  and  the  increased  requirements  aircraft  designers  are  trying  to  meet,  have 
resulted  in  tho  initial  development  of  the  reheated  turbo-fan.  This  will  be  donB  by  com- 
paring the  suitability  of  the  reheated  turbo-jet  and  that  of  the  reheated  turbo-fan  for 
current  requirements. 


Subsequently,  possibilities  will  be  presented  and  discussed  for  improving  the  thrust  and 
fuel-flow  characteristics  of  ths  engine  type  considered  under  typical  loads.  The  chance 
for  increasing  the  adaptability  of  the  engines  so  much  that  it  will  cover  even  excessive 
Mach  numbers  will  also  be  discussed. 


2.  THE  CONVENTIONAL  REHEATED  TURBO-FAN 


2.1  THE  DEVELOPMENT  AND  FUNCTIONAL  PRINCIPLES  OF  THE  TURBO-FAN 


Initially,  the  turbo- 'et  fulfilled  the  dual-mission  requirements  of  supersonic  aircraft. 
The  lay-out  and  dimensions  of  the  engine  allowed  to  generate,  under  only  slightly  reduced 
unaugmnnted  power,  the  thrust  the  aircraft  needed  for  flying  in  the  upper  subsonic  range 
and  this  with  a relatively  favorable  specific  fuel  consumption.  So,  the  amount  of  thrust 
produced  by  this  type  of  engine,  using  maximum  afterburning  power,  was  sufficient  for 
take-off,  rapidly  passing  through  the  transonic  range,  and  the  compensation  of  the  air- 


craft drag  for  the  intended  maximum  Mach  numbers  between  M 


1 .5  and  M, 


= 2. 


The  degree  of  thrust  augmentation  depends  on  the  degree  of  possible  reheat.  However,  the 
specific  fuel  consumption  normally  also  increases  with  increasing  reheat  (Fig.  1 top). 

The-,  achievable  temperature  ratio  of  the  reheat  has  gradually  decreased  in  the  course  of 
the  development  of  engine  technology.  The  considerable  increase  of  the  permissible  tur- 
bine inlet  temperature  has  been  accompanied  by  a corresponding  increase  of  temperature 
at  the  afterburner  entry.  Since  this  rendered  the  cooling  of  the  afterburner  more  diffi- 
cult, ths  maximum  permissible  reheat  temperature  at  the  afterburner  exit  could  only  be 
slightly  increased. 

For  lowering  the  total  temperature  at  the  afterburner  entry,  the  obvious  solution  seemed 
to  be  to  substitute  a jet-mixing  turbo-fan  for  the  turbo-jet.  In  this  case,  the  more  ex- 
panded exhaust  gas  of  the  hot  primary  flow  is  mixed  with  the  relatively  cold  secondary 
air  flow  at  the  afterburner  entry,  which  results  in  an  additional  effective  lowering  of 
the  temperature.  This  allows  a more  effective  cooling  of  the  afterburner  and,  consequent- 
ly, a higher  reheat  temperature.  Thereby  a heating  temperature  ratio  can  be  achieved 
which  is  about  twice  as  high  as  that  of  the  reheated  turbo-jet  (Fig . 1 bottom) . 

Besides  this  typical  reheated  turbo-fan;engine  lay-outs  having  extremely  low  bypass  ratios 
have  been  developed  in  recent  years  (e.g.  SNECMA  - M 5 3 1 GE-  3 101).  Their  small  bypass 
airflow  is  primarily  used  as  a cooling  layer  for  ths  afterburner.  This  type  of  engine, 
which  may  be  considered  a compromise  between  the  turbo-fan  and  turbo-jet,  has  been  design- 
ed to  combine  the  high  reheat  temperatures  achievable  in  the  turbo-fan  with  the  simple 
and  less  expensive  turbo-jet  concept.  Obviously, the  result  still  remains  a compromise. 

Because  of  the  turbo-fan  thrust  behavior,  the  thrust  augmentation  resulting  from  the  re- 
heat grows  rapidly  with  the  growth  of  the  Mach  number.  Whenever,  e.g.  the  afterburner  is 
ignited  before  the  transonic  range,  the  thrust  ratio  is  between  2 and  3.  This  high  thrust 
increase  allows  to  adapt  ths  engine  to  the  varied  thrust  requirements  of  a supersonic  air- 
craft, without  ths  power,  i.e,  turbine  inlet  temperature,  having  to  be  unduly  reduced 
(which  would  adversely  affect  the  specific  fuel  consumption). 

When  operated  without  reheat,  the  turbo-fan  will,  of  course,  have  a better  specific  fuel 
consumption  anyway  than  the  corresponding  turbo-jet.  When  applying  the  reheat,  however, 
the  turbo-jet  will  show  a lower  fuel  consumption  since  it  can  always  achieve  a higher 
afterburner  pressure  ratio  tnan  a turbo-fan  operating  in  a conventional  cycle. 


2.2  OBJECTIVES  AND  CRITERIA  OF  DESIGN 

The  basic  objectives  of  the  thermodynamic  layout  of  the  engine  ares  minimum  specific  fuel 
consumption,  for  operation  without  reheat,  and  maximum  specific  thrust,  for  operation 
with  reheat.  For  the  sake  of  clarity,  secondary  aspects  - although  affecting  the  configu- 
ration in  many  ways  - will  be  neglected  in  this  section. 


An  essential  prerequisite  for  the  optimum  thermodynamic  layout  of  the  reheated  turbo-fan 
is  the  adequate  consideration  of  the' interrelationships  among  the  following  parameters: 

Turbine  Inlet  Temperature  T^ 

Primary  Flow  Compression  Ratio  j 

>■'  - Bypass  Ratio  p ‘ 

Secondary  Flow  Compression  Ratio  ft'tC.II 

For  high  specific  thrust  and  low  specific  fuel  consumption,  the  turbine  inlet  temperature 
T^3  snouid  De  close  to  the  technological  limits,  both  in  reheat  and  non-re"Feat  operation. 
From  a purely  thermodynamic  point  of  view,  the  optimum  inlet  temperature  is  limited  be- 
cause of  the  growing  cooling-air  demand. 

The  corresponding  optimum  primary  flow  compression  ratio  fffq . T - for  non-reheat  operation  - 
should  be  chosen  - as  a first  approximation  - with  respect  to  the  maximum  internal  effi- 
ciency of  the  primay  flow  cycle.  In  reheat  operation,  it  should  result  in  a maximum  expan- 
sion pressure  ratio  at  the  afterburner  exit.  In  the  latter  case,  it  is  lower  than  the 
compression  ratio  of  a corresponding  reheated  turbo-jet. 

The  bypass  ratio  ju  is  bound  to  be  the  result  of  a compromise.  In  non-reheat  operation,  a 
high  Rvalue  will  result  in  a low  specific  fuel  consumption.  For  reheat  operation,  the  opti- 
mum bypass  ratio  would  be  as  low  as  possible,  even  down  to  zero  (corresponding  to  the  plain 
turbo-jet).  Moreover,  aerodynamic  and  design  restrictions  prevent  high  bypass  ratios  from 
being  achieved  in  a reheated  turbo-fan.  Last  but  not  least,  the  choice  of  the  bypass  ratio 
is  determined  by  the  rate  of  the  thrust  augmentation-level  required  by  the  flight  mission 
which  in  turn  increases  with  increasing  ft. 

Based  on  the  foregoing,  the  final  layout  parameter,  namely  corresponding  optimum  thermody- 
namic secondary  flow  compression  ratio,  can  be  found  by  the  following  simplified  calcula- 
tion : 


simplifications ■ «*  - ?Pc  und  tjctj  *lcs.l  » *lc* 


Figure  2 shows  an  evaluation  of  this  calculation. 

In  order  to  fulfill  the  optimum  conditions,  and  after  meeting  the  needs  of  primary  flow 
compression,  only  a gradually  diminishing  portion  of  the  energy  flow  available  for  thrust 
generation  may  be  extracted,  as  the  Mach  number  increases,  from  the  hot  primary  flow  and 
transferred  to  the  secondary  one.  Consequently,  the  optimum  bypass  pressure  ratio  will 
drop  rapidly,  if  the  bypass  ratio  ju  is  Kept  constant. 

For  a real  jet-mixing  turbo-fan,  the  resulting  ourve  is  bound  to  approximately  follow  the 
course  shown.  Normally  however,  the  bypass  ration  increases  with  increasing  flight  Mach 
numbers  so  that  the  energy-extraction  rises  far  beyond  the  optimum  value.  Ideally,  the  by- 
pass ratio  should  continually  decrease  down  to  zero  with  increasing  flight  Mach  numbers. 

2.3  ASPECTS  OF  STEADY-STATE  BEHAVIOR 

Since  an  air-breathing  turbo-engine  can  generally  not  operate  continually  at  its  design 
point,  its  steady-state  behavior  must  be  already  taken  into  consideration  at  the  design 
stage. 

The  steady-state  behavior  of  a turbo-fan  depends  largely  on  the  design  concept.  In  a 
non-j8t-mixing  turbo-fan  designed  for  high  subsonic  missions  with  a high  bypass  ratio, 
there  are  many  reasons  for  a three-spool  concept.  For  the  reheated  turbo-fan  designed  for 
the  flight  mission  described  before,  this  concept  shows  only  minor  advantages  over  the 
twin-spool  concept  because  of  the  low  bypass  ratio  of  the  engine.  The  steady-state  beha- 
vior of  the  latter,  under  changed  inlet  flow  conditions,  will  be  shown  in  the  following 
sections,  using  ths  comparison  of  a suggested  twin-spool  alternative  (Ref.  1)  with  the 
three-spool  concept  of  the  RB-133  as  an  example. 

Fig ■ 3 shows  the  schematics  of  this  type  of  engine  and  the  corresponding  compressor  charar - 
teristics . The  compressor  consists  of  a low-,  intermediate-,  and  nigh-pressure  part,  the 
low  and  intermediate  ones  being  installed  in  one  combined  spool.  Because  the  bypass  ratio 
/u  » 1 .25  is  low,  this  design  still  allows  adequate  tip  sptads  in  the  intermediate  pressure 
compressor. 

For  the  basic  control  of  the  engine,  a great  variety  of  control  laws  are  conceivable.  The 
operating  lines  for  the  control  with  a constant  nozzle  area  Ag,  and  constant  turbine  inlet 


temperature  Tt3»  are  entered  in  the  three  characteristics  (the  control  with  constant  Ac 
and  constant  HP-rotor  speed  provides  similar  curves).  a 

The  curves  shown  apply  to  reheat  operation,  with  the  reheat  temperature  Tt4b  kept  constant. 
Almost  the  same  operating  lines  result  from  non-reheat  operation. 

Fig , 4 shows  how  the  values  for  the  effective  rotor  speeds  NLP  and  Nhp,  and  for  the  by- 
pass ratio f* , change  as  the  flight  Mach  numbers  increase. 

2.4  NATURAL  ADAPTABILITY  OF  THE  CONVENTIONAL  REHEATED  TURBO-FAN 

In  this  section,  the  layout  of  a conventional  reheated  turbo-fan  for  a supersonic  air- 
craft will  be  used  as  an  example  to  show  the  natural  adaptability  of  this  turbo-fan  to 
different  thrust  requirements.  Its  performance  will  be  compared  with  that  of  a reheated 
turbo-jet  designed  for  the  same  mission.  For  the  sake  of  simplification,  the  two  parameters 
essential  for  assessing  the  suitability  of  the  engines  were  assumed  to  be  as  follows! 
high  supersonic  cruise  M_»Q.85  to  0.95  and  acceleration  to  maximum  design  Mach  number 
M_  = 2.5. 

oo 

In  order  to  obtain  clear  and  smooth  curves  in  the  following  graphs,  the  demonstration  is 
based  on  the  altitu  de  /Mach-numiier  schedule  shown  in  Fig.  5.  This  schedule,  which,  for 
an  optimum  three-shock  inlet,  has  a constant  value  of  Ptl^Ttl,  allocates  a suitable  flight 
altitude  to  each  flight  Mach  number  so  that  it  leads  to  more  realistic  results  than  an 
investigation  conducted  for  a constant  flight  altitude  would. 

In  Fig.  6,  the  drag  distribution  of  the  aircraft  considered  (e.g.  a supersonic  transport) 
is  entered  over  the  flight  Mach  number.  In  this,  each  of  the  values  are  related  to  the  de- 
sign flight  Mach  number  drag.  The  course  of  the  curve  is  characterized  by  the  steep  rise 
of  the  drag  at  the  beginning  of  the  transonic  range. 

The  twin-spool  reheated  turbo-fan  described  before  will  show  the  thrust  course  entered,  if 
its  maximum  available  thrust  is  matched  to  the  aircraft  drag  at  the  design  Mach  number. 
Taken  into  account  as  an  additional  isstriction  for  the  calculation  was  the  fact  that, 
for  reasons  of  cooling  the  turbine  and  afterburner,  the  turbine  inlet  temperature  and  the 
reheat  temperature  must  be  reduced  starting  at  Mw  = 1.75  and  M „ = 2.2,  respectively. 

As  the  curve  for  the  maximum  thrust  provided  by  the  non-reheated  turbo-fan  shows,  the  power 
setting  need  hardly  be  reduced  to  adapt  the  engine  thrust  to  the  aircraft  drag,  even  under 
stationary  subsonic-cruise  conditions.  For  comparison,  the  thrust  curve  for  a single  spool 
turbo-jet  designed  for  the  same  flight  mission  has  been  entered  for  both,  reheat  and  non 
-reheat  operation  (dashed  curves).  Because  this  type  of  engine  allows  much  less  thrust 
augmentation,  the  turbo-jet  has  to  be  run  at  greatly  reduced  and  uneconomical  partial-power 
for  stationary  subsonic  cruise. 

Fig.  7 shows  for  both  engine  concepts  the  specific  fuel  consumptions,  and  reciprocal  values 
F/itf,  which  result  from  maximum  power  operation.  While  the  turbo-fan  markedly 

surpasses  the  turbo-jet  engine  in  non-reheat  operation,  it  shows  a high  specific  fuel  con- 
sumption when  used  in  reheat  operation.  Yet  this  can  only  be  partly  attributed  to  the  rea- 
sons mentioned  before.  Besides,  the  high  nozzle  pressure  ratio  the  turbo-jet  engine  has 
the  "Thermodynamic  advantage"  of  a lower  possible  reheat  temperature  which,  with 
Tt4b  “ 1600  K,  is  about  300  degrees  below  the  value  for  the  turbo-fan  engine. 


3.  POSSIBLE  TRENDS  IN  THE  DEVELOPMENT  OF  THE  REHEATED  TURBO-FAN 

In  the  following  sections  possibilities  for  further  increasing  the  adaptability  of  the  re- 
heated turbo-fan  engine  will  be  investigated. 

3.1  LIMITS  AND  OBJECTIVES  IN  DEVELOPING  CONVENTIONAL  REHEATED  TURBO-FAN  ENGINES 

Before  setting  the  objectives  for  desired  improvements,  it  seems  practicable  to  consider 
the  essential  limits  to  improving  the  adaptability  of  the  conventional  reheated  turbo-fan 
engine.  These  limits  are  found  in  the  heating  temperatures  achievable  in  the  main  combu- 
stor and  afterburner. 

The  limitations  of  the  turbine  inlet  temperature  and,  consequently,  the  compression  ratio 
and  airflow  resulting  from  admissible  limits  of  the  main  combustor  pressure  in  ground-level 
high-speed  flight  are  irrelevant  for  civil  air  traffic.  This  also  applies  to  the  tempera- 
ture limit  resulting  from  the  compressor  aerodynamics  in  high-altitude  low-speed  flight. 

The  reduction  of  the  turbine  inlet  temperature  necessary  in  the  upper  f light-Mach-number 
range,  however,  results  in  a marked  thrust  restriction.  The  reduction  of  the  rotor  speeds 
especially  those  of  the  fan  - not  only  reduces  the  inlet  airflow  but  also  leads  to  an 
undesired  rise  of  the  bypass  ratio.  As  mentioned  before,  the  latter  increases  anyway  with 
increased  flight  Mach  numbers, an  increase  that  defies  the  objective  of  optimum  adaptability. 

The  reduction  of  the  turbine  inlet  temperature  becomes  necessary  as  the  efficiency  of  tur- 
bine cooling  decreases  with  the  increasing  flight  Mach  number.  This  is  related  to  the  tempe- 
rature rise  of  the  cooling  air  extracted  at  the  compressor  sxit. 


The  thrust  is  -Further  restricted  because  the  reheatt  temperature  in  the  afterburner  must 
also  be  reduced  in  the  high  f 1 ight-Mach-number  range.  The  temperatures  of  the  secondary 
end  outer  bypass  airflows  in  the  engine  tunnel,  which  cool  the  inside  and  outside  of  the 
afterburner,  also  increase  with  increasing  flight  Mach  numbers.  Relatively  irrelevant, 
however,  is  the  limitation  of  the  reheat  temperature  Tt4b  for  extremely  low  combustor  entry 
temperatures  (high-altitude  low-speed  flight).  It  is  caused  by  the  thermodynamic  blockage 
of  the  afterburner  with  its  negative  effects  on  the  turbo  engine. 

Based  on  the  foregoing,  the  following  obj ecti yes  can  be  formulated  for  the  improvement 
of  the  adaptability  of  the  turbo-fan  engine : 

Increase  of  the  thrust  augmentation  by  reheating  (for  both,  the  entire  reheat-thrust 
phase  and  short  term  operation) 

Improvement  of  the  thrust  decline  gradient  with  increasing  flight  Mach  number  M^,  . 

Achieving  a high  bypass  ratio  fjt  in  unreheated  operation  and  a lower  yu  with  increasing 
M^,  and  increasing  reheat.  ' 

Achieving  a general  improvement  of  the  specific  fuel  consumption  and  thrust/weight 
ratio  of  the  engine. 

The  following  sections  will  critically  investigate  a number  of  unconventional  approaches 
to,  and  the  feasibility  of,  influencing  the  aerothermodynamic  cycle  of  the  type  of  engine 
considered,  and  whether  they  offer  a chance  of  improvement  in  the  desired  direction. 


3.2  FUEL-RICH  COMBUSTION 

Fuel-rich  reheating  is  a fairly  simple  method  to  achieve  an  effective  augmentation  of  the 
afterburner  thrust.  With  unchanged  reheat  temperature  and,  depending  on  the  flight  Mach 
number,  fuel-rich  combustion  will  increase  the  tl'.rust  by  about  1o  to  2o  per  cent  (Fig,  8; 
one-dimensional  calculation).  The  specific  fuel  consumption  which  simultaneously  increases 
by  about  5o  per  cent,  makes  this  method  of  thrust  augmentation  only  suitable  for  short 
-time  operation.  In  other  words  it  is  an  interesting  concept  for  fighter  aircraft  only.  It 
would  require  the  installation  of  additional  burner  manifolds  and  the  modification  of  the 
cooling  air  distribution  at  the  afterburner  heat  shield,  as  well  as  the  re-adaptation  of 
the  thrust  nozzle  a. id  afterburner  controls. 

Another  way  to  increase  the  afterburner  thrust,  and  simultaneously  improve  the  specific 
fuel  consumption,  would  be  to  use  fuel-rich  combustion  in  the  main  combustor: 

It  has  been  shown  that,  for  reasons  of  thermodynamics  and  reliability  (LPC-surge),  a by- 
pass ratio  exceeding  values  of  f*  « 1.5  + 2 is  unsuitable  for  conventional  afterburner 

operation.  On  the  other  hand,  higher  bypass  ratios  would  allow  the  entire  fuel  flow  needed 
for  reheating  to  be  fed  already  into  the  primary  cycle  air  flow  in  the  main  combustor  be- 
fore the  turbine.  Thus,  fuel -rich  combustion  can  be  used  to  limit  the  turbine  inlet  tempe- 
rature to  its  technologically  admissible  maximum  value.  The  fuel  flow  required  for  this 
purpose  will  be  available  from  bypass  ratios  of  f*  « 2 on,  if  presBnt-day  values  are 

assumed  for  the  turbine  inlet  and  reheat  temperatures. 

The  supply  of  the  additional  fuel,  compressed  in  its  liquid  state,  upstream  of  the  turbine 
causes  more  than  15  per  cent  of  increase  ( p = 3)  in  mass  flow.  This  has  the  effect  that 
the  specific  enthalpy  difference  in  the  turbine  can  decrease  while  the  compression  effort 
remains  the  same.  Since  in  addition,  in  fuel-rich  combustion,  the  specific  heat  of  the 
combustion  gas  shows  markedly  higher  values  than  normally,  the  temperature  and  pressure  in 
the  turbine  will  drop  much  less. 

This  allows  to  take  a greater  share  of  energy  from  the  hot  primary  flow:  The  bypass  ratio 
can  be  increased  if  the  compression  ratio  in  the  secondary  air  flow  is  increased  simulta- 
neously. The  higher  secondary  flow  compression  ratio  will  result  in  a higher  expansion 
pressure  ratio  in  the  thrust  nozzle  and,  consequently,  in  an  increase  of  both,  the  speci- 
fic and  actual  thrusts,  aB  well  as  in  an  improved  specific  fuel  consumption.  The  higher 
bypass  ratio  allows  an  increased  thrust  augmentation  by  reheating. 

Fig ■ 9 shows  the  schematics  of  this  engine  modification  and  its  corresponding  compressor 
characteristics . The  intermediate-pressure  compressor  attached  to  the  LP-spool  had  to  be 
omittedin  this  case.  Steady-state  behavior  greatly  changes  in  transition  from  fuel-rich 
combustion  in  the  main  combustor  to  the  usual  und8r-stoichiometrich  combustion  which  con- 
tinues being  required  in  the  non-rsheated  case.  For  this  reason,  it  is  of  importance  to 
separate  ths  aerodynamic  connection  - existing  via  the  attached  IPC  - between  the  high 
-pressure  compressor  and  the  low-pressure  rotor. 

If  the  fact  that,  in  this  engine  concept  the  optimum  compression  ratio  for  the  primary 
flow  is  much  higher  than  usual,  were  taken  into  account,  this  would  consequently  result  in 
a three-spool  design  with  separate  spools  for  the  LPC  and  the  IPC.  To  allow  a comparison, 
however,  the  results  for  the  twin-spool  design  were  also  determined.  For  this  simple  en- 
gine concept,  the  compression  ratio  in  the  primary  flow  had  to  be  limited  to  low  design 
values  (^  = 3j  ft"tC,II  ' 3.8i  ^tC.I  “ 23 * Tt3  ” 165o  K).  A comparison  with  Fig.  3 will  indi- 
cate the  weight  advantage  of  this  concept  which,  because  of  its  higher  bypass  ratio,  has 
a comparatively  small  core  engine.  Since  the  fan-pressure  ratio  is  higher,  the  afterburner 
will  also  have  smaller  dimensions. 


Again  it  is  assumed  that  the  engine  is  controlled  in  accordance  with  the  "As^constant 
and  TtS^constant “-control  law.  As  the  flight  Mach  number  range  covered  by  this  engine 
concept  is  very  large,  its  operating  lines  extend  far  down  into  the  intermediate 
RPM-range.  The  maximum  flight  Mach  number  has  been  set  at  M,^  » 3.5. 

The  short  operating  lines  have  been  entered  for  non-reheat  operation  as  required  for  sub- 
sonic flight. 

Fig . 10  shows  versus  flight  Mach  number  the  aircraft-drag,  the  turbo-fan  thrust  characte- 
ristics and,  for  comparison,  those  of  the  turbo-jet.  Each  of  the  values  entered  is  rela- 
ted to  the  value  at  the  matching-point  Mach  number  M^  = 3.5.  Also  indicated  for  compari- 

son is  the  thrust  curve  for  the  conventional  reheated  turbo-fan  that  will  result  if  both 
turbo-fans  receive  the  same  total  air  flow  in  their  design  points  (dot-dash  curve). 

Although  the  reheat  temperatures  for  both,  the  turbo-jet  and  turbo-fan,  are  equal  at  the 
matching-point  Mach  number  M,*,  = 3.5,  the  turbo-jet  engine  had  to  be  dimensioned  with 

a frontal  area  about  25%  larger  than  that  of  the  turbo-fan  in  order  to  provide  the  re- 
quired thrust  at  this  flight  Mach  number.  This  requires  accepting  a further  considerable 
weight  increase  in  excess  of  a normal  turbo-jet  weight  over  that  of  a turbo-fan  engine 
at  the  same  airflow.  In  stationary  subsonic  flight,  the  turbo-jet  engine  has  to  be  run 
at  low  and  uneconomical  partial  power. 

Fig.  11  finally,  shows  the  fuel  consumption  behavior  of  the  engines  versus  the  flight 
Mach  number.  Despite  its  higher  bypass  ratio,  the  fuel  consumption  of  the  reheated 
turbo-fan  with  fuel-rich  combustion  in  the  main  combustor  approaches  the  more  favorable 
values  of  the  turbo-jet.  The  curves  of  the  two  turbo-fan  engines  would  match  that  of  the 
turbo-jet  even  better,  if  their  reheat  temperatures  remained  limited  to  the  lower  ad- 
missible value  of  that  of  the  turbo-jet. 


3.3  UNCONVENTIONAL  TURBINE  COOLING 

If  the  chemical  reaction  in  the  main  combustor  is  achieved  by  fuel-rich  combustion  and  if 
the  turbine  blading  is  conventionally  cooled  with  compressor  air,  this  will  have  a favor- 
able thermodynamic  effect:  After  the  cooling  air  has  flowed  out  from  the  blading,  e.g. 
through  the  trailing  edge  of  the  guide  vane,  the  oxygen  contained  in  it  will  react  with 
the  fuel-rich  combustion  gas.  The  hsat  freed  by  this  reaction  increases  the  flow  energy 
of  the  fluid  with  a better  thermodynamic  efficiency  than  the  later  reaction  occurring  in 
the  afterburner  at  a lower  pressure  level. 

The  expansion-plus-heat-supply  in  the  turbine  decisively  influences  the  steady-state  be- 
havior of  the  turbo  engine.  New  technological  and  design  problems  also  have  to  be  faced. 
Since,  for  all  practical  purposes,  fuel-rich  combustion  is  only  practiced  at  the  high 
temperature  level  of  maximum  power  operation,  it  ought  indeed  to  be  possible  to  stabilize 
a relatively  uniform  combustion  within  the  turbine. 

The  following  considerations  indicate  that  the  effectiveness  of  the  turbine  cooling  may 
be  fairly  easily  improved  with  a simultaneous  Baving  of  cooling  air: 

As  the  temperature  Ttl  rises  at  the  compressor  inlet,  e.g.  with  an  increasing  flight  Mach 
number,  the  temperature  at  the  compressor  exit  ( T 1 2 ) also  rises  and  with  it  that  of  the 
cooling  air  (Fig,  12)  . On  the  other  hand,  the  cooling  air  ratio  mca/ma,I  * most  of 

which  is  extracted  at  the  compressor  exit  - retains  an  approximately  constant  value.  The 
cooling  effectiveness  is  reduced.  If  the  turbine  inlet  temperature  remains  constant,  the 
material  temperatures  of  the  turbine  blading  and  discs  will  increase.  For  this  reason, 
the  cooling  air  ratio  must  be  designed  for  the  maximum  cooling  air  temperature  occurring, 
or  the  heating  temperature  Tt3  before  the  turbine  must  be  reduced  starting  at  a selected 
value  Tt2«  The  latter  is  the  accepted  practice. 

In  Fig-  13  the  cooling  air  requirements  have  been  entered  over  the  respective  flight  Mach 
numbers.  The  dashed  line  shows  a cooling  air  ratio  established  as  a compromise.  At  all  low 
cooling  air  temperatures,  and  for  the  low  heating  temperature  Tt3  of  partial  power  opera- 
tion, this  cooling  air  ratio  is  too  high.  This  unnecessarily  burdens  the  thermodynamic 
cycle  and  restricts  the  possible  energy  supply  in  non-reheat  operation. 

It  is  conceivable  to  adapt  the  cooling  air  ratio  to  the  amount  of  air  required  during  the 
main  flight  mode  within  the  planned  mixed  mission.  At  all  higher  heating  temperatures 
Tt3  or  compressor  exit  temperatures  Tt2»  as  much  water  is  injected  into  the  cooling  air 
flow  as  is  needed  for  the  desired  cooling  effect  in  each  particular  case.  The  high  air 
temperature  Tt2*  which  amounts  to  about  800  K in  modern  turbo-fan  engines,  causes  the  wa- 
ter to  8vaporat8  immediately  after  injection  so  that  the  cooling  air  flow  loses  heat. 

At  the  same  time,  the  heat  transfer  on  the  cooling  side  is  improved  by  the  higher  humi- 
dity of  the  air. 

By  adequately  optimizing  the  cooling  air  ratio,  the  total  quantity  of  water  needed  for  a 
mission  can  be  so  defined  that  it  is  compensated  by  the  fuel  savings  achieved.  The  advan- 
tage of  this  cooling  method  is  that  it  allows  to  operate  the  engine  even  at  high  flight 
Mach  numbers  with  full  power  RPM  (HP  rotor),  as  far  as  the  compressor  and  main  combustor 
permit  this.  The  increased  air  flow  and  afterburner  pressure  ratio,  which  results  from 
the  decreasing  bypass  ratio  /a  , provide  an  increased  afterburner  thrust  and  improved 
specific  fuel  consumption. 


i 

The  concept  of  direct  cooling  - corresponding  to  a kind  of  water  cooling  - of  the  turbine 
blading  by  the  fuel  flow  or  by  a very  rich  fuel-air  mixture  (as  may  result,  e.g.  from 
the  vaporization  of  the  afterburner  fuel  in  a small  carrier  air  flow)  must  be  abandoned 
because  of  the  danger  of  explosion  involved.  YBt  it  would  be  consequent  to  transfer  the 
cooling  capacity  of  the  fuel  flow  to  the  cooling  air  flow  indirectly  and  without  any 
mixing  of  the  flows* 

In  a high-pressure  heat  exchanger,  the  turbine  cooling  air  extracted  at  the  compressor 
exit  is  intercooled,  by  ' exchange,  with  the  reheat  fuel  flow.  Within  the  fuel  cycle, 
the  heat  exchanger  (who-e  dimensions  have  been  kept  small  because  of  a deliberately  low 
exchange  effectiveness)  is  installed  only  beyond  the  afterburner  controls.  The  latter  is 
practically  not  affected  at  all, because  it  is  unnecessary  to  evaporate  the  fuel  in  the 
heat  exchanger.  If  such  cooling-air  intercooling  is  applied  to  a reheated  turbo-fan  en- 
gine with  a medium  bypass  ratio,  e.g.  RB-199,  the  cooling  and  leakage  air  flow  needed 
for  the  turbine  may  be  reduced  by  some  35  + 40  per  cent.  At  the  same  time,  it  will  be  no 
longer  necessary  to  reduce  the  turbine  inlet  temperature  in  the  higher  f light-Mach-number 
range.  The  consequences  of  such  a modification  for  the  entire  engine  will  be* 

In  non-reheat  operation  both,  the  turbine  inlet  temperature  and  - to  a lower  degree  - 
the  rotor  speeds  will  have  to  be  reduced.  This  will  also  reduce  the  maximum  dry  thrust 
depending  on  the  compressor  inlet  temperature  - by  about  5 per  cent  on  the  average, 
while  the  specific,  fuel  consumption  will  increase  but  little. 

Despite  the  higher  turbine  inlet  temperatures  in  reheat  operation,  the  blading  tempera- 
tures in  the  lower  and  intermediate  Tt 1 range  will  remain  below  the  wall  temperatures 
of  the  corresponding  maximum  unaugmented  power  operation.  In  the  upper  flight-Mach 
-number  range,  Tt3  need  no  longer  be  reduced,  or  may  be  reduced  much  less,  depending  on 
the  engine  layout. 

Whereas  for  the  RB-199,  the  bypass  ratios /a  are  the  same  for  unaugmented  power  and  af- 
terburner operation,  /u  is  reduced  as  the  afterburner  is  ignited  (higher  rotor  speeds  re- 
sulting from  higher  turbine  inlet  temperatures).  This  effect  is  desirable  in  principle 
for  the  reasons  mentioned  in  Section  2.2. 

The  marked  increase  of  /U  , resulting  from  Tt3  reduction  in  the  upper  fiight-Mach-number 
range  and  involving  thermodynamic  disadvantages  and  f luidmechanical  problems  (splitter 
flow,  increased  diffusion  in  the  hubregion  before  thB  intermediate  pressure  compressor) 
will  be  effectively  reduced.  Since  the  superimposed  reductioi  of  ths  fan  speed  connected 
with  the  Tt3  reduction  no  longer  exists,  an  increased  inlet  air  flow  is  caused  in  many 
important  flight  modes,  which  increases  the  maximum  thrust.  Beyond  M ^ « 2,  the  thrust 
increase  climbs  to  considerable  values  (>20%). 

The  higher  temperature  of  the  fuel  injected  and  the  somewhat  lower  Mach  number  level  in 
the  afterburner  assures  reliable  afterburner  operation  at  a higher  altitude  limit. 

(The  areas  in  the  afterburner  are  the  same  as  in  the  RB-199.) 

- Over  the  entire  flight  Mach  number  range  a slight  improvement  of  thB  specific  fuel  con- 
sumption is  achieved.  This  is  due  to  a higher  afterburner  pressure  ratio  and  an  im- 
proved combustion  chamber  efficiency. 


3.4  INTERCQOUNG  BEFORE  ENTRY  INTO  THE  INTERMEDIATE  PRESSURE  COMPRESSOR 


Another  practicable  way  to  make  use  of  the  cooling  capacity  of  the  afterburner  fuel  flow 
in  pursuit  of  the  objectives  defined  under  3.1,  would  be  the  intercooling  of  the  primary 
air  flow  before  it  enters  the  intermediate  pressure  compressor.  The  effects  achieved  re- 
semble those  described  for  turbine-cooling-air  intercooling.  They  increase  with  increas- 
ing flight  Mach  numbers. 

Fig.  14  shows  the  construction  schematics  of  the  three-spool  RB-199  with  its  generalized 
compressor  characteristics.  Inbetween  the  low-  and  intermediate  pressure  compressors,  a 
heat  exchanger  has  baen  installed.  It  has  deliberately  low  exchanger  effectiveness  to  keep 
its  dimensions  and  pressure  losses  small.  In  order  to  generate  a temperature  distortion, 
the  afterburner  fuel  flows  through  the  exchanger  in  a cross  stream  radially  from  inside 
to  outside.  The  major  direct  conseq.iences  of  this  engine  modification  are* 

The  non-reheat  operation  of  the  engine  is  adversely  affected  by  the  pressure  loss  of  the 
heat  exchanger.  Some  of  the  resulting  thrust  reduction  might  be  compensated,  if  the  fuel 
flow  to  the  main  combuster  were  conducted  through  the  heat  exchanger.  However,  this 
would  cause  problems  in  controlling  the  engine  and  heat  exchanger. 


As  the  afterburner  is  ignited,  fuel  flows  through  the  heat  exchanger.  The  temperature 
in  front  of  the  intermediate-pressure  compressor  drops  ( Fig . 15)  which  results  in  an 
increase  of  the  reduced  RPM's,  the  mass  flows,  and  the  pressure  ratios  at  the  IPC  and 
HPC.  The  bypass  ratio  decreases  significantly  while  the  fan  speed  and  pressure  ratio  in- 
crease, In  order  not  to  exceed  the  design  value  of  reduced  RPM  for  the  IPC  the  heat  ex- 
changer will  be  fed  only  with  a partial  fuel  flow  in  the  range  of  lowest  flight  Mach 
numbers.  The  growth  of  the  air  flow  supplied  to  the  engine  (Fig.  16),  and  of  the  turbo- 
engine  pressure  ratio,  increase  the  thrust  while  the  specific  fuel  consumption  is  improv- 


- Since  the  compressor  exit  temperature  and,  consequently,  that  of  the  cooling  air  drops, 
a greater  cooling  effect  is  achieved  in  the  turbine  by  thB  same  cooling  air  flow.  In 
the  upper  flighc  Mach  number  rangB  the  turbine  inlet  temperature  and  rotor  speeds  will 
have  to  be  reduced  less.  For  this  reason,  too,  the  bypass  ratio  increases  Ibsb  in  this 
case,  and  thB  thrust  droo  is  considerably  modified.  Another  effect  of  the  temperature 
reduction  at  the  compressor  exit  - worth  mentioning  - is  the  extension  of  the  flight 
Mach  number  range  covered  by  the  engine. 

- Th8  highar  mass  flow  density  at  the  afterburner  entry  pushes  the  afterburning  limit  to 
higher  flight  altitudes  and  improves  the  combustion  chamber  efficiency. 

- The  insertion  of  the  heat  exchanger  makes  the  intermediate  pressure  compressor  less 
sensitive  to  distortion.  Pressure  distortion,  locally  limited  and/or  dynamic  coming 
from  th8  inlet,  or  directly  from  the  low-pressure  compressor  to  the  heat  exchanger  re- 
sult in  a locally  limited  or  temporary  increase  of  the  exchanger  intercooling.  Super- 
imposed on  the  pressure  distortions  are  "temperature  distortions",  represented  by  grea- 
ter than  average  temperature  drops,  which  support  the  reduction  of  the  pressure  distor- 
tions in  the  intermediate  pressure  compressor.  In  a similar  way,  the  deliberate  radial 
temperature  distortion  takes  into  account  the  greater  sensitivity  against  distortion 

of  the  hubregion  air  flow. 

In  the  Figures  14  to  17  the  example  of  the  basically  unmodified  RB-199  was  used  to  demon- 
strate, quantitatively,  how  steady-state  behavior  and  performance  parameters  were  in- 
fluenced by  the  intercooling . The  possible  combination  of  turbine-cooling-air  intercooling 
as  mentioned  before,  was  emitted.  It  goes  without  saying  that  an  engine  redesigned  to  in- 
corporate these  modifications  would  promise  added  advantages. 


3.5  UNCONVENTIONAL  FUELS 

Because  of  their  higher  calorific  values  the  use  of  liquid  methane  or  hydrogen  instead 
of  the  usual  hydrocarbons  Would  result  in  a considerable  reduction  of  the  specific  fuel 
consumption.  Additionally,  their  use  could  essentially  contribute  toward  increasing  the 
positive  effects  of  the  possible  improvements  mentioned  before  or  toward  facilitating 
their  implementation.  For  fusl-rich  combustion,  the  following  specific  properties  of 
these  fuels  are  of  major  importance: 

- wider  ignition  limits, 

- faster  chemical  reactions, 
lower  molecular  masses. 

For  cycles  with  intercooling,  they  decisively  surpass  the  conventional  hydrocarbons  (Ref. 2) 
especially  because  of  their  high  usable  heat  capacity. 

Despite  their  difficult  handling,  their  use  as  aircraft  fuels  seems  an  extremely  promising 
idea. 


4.  CONCLUDING  REMARKS 


It  has  been  shown  for  what  reasons  and  within  what  scope  the  reheated  turbo-fan  engine  is 
suitable,  in  principle,  to  be  closely  adapted  to  the  various  requirements  of  supersonic 
aircraft. 

After  establishing  the  functional  limits  and  development  objectives  of  the  engine,  a number 
of  possibilities  have  bsen  discussed  to  givB  the  reheateu  turbo-fan  engine  the  added  flexi- 
bility that  would  adapt  it  even  to  the  demands  of  future  high  supersonic  flight: 

1)  Fuel-rich  Combustion 

- in  the  afterburner  (short-time  operation) 

- in  the  main-combustor 

2)  Unconventional  Turbine  Cooling 

- water  injection  into  cooling  air  flow  (short-time  operation) 

- intercooling  of  turbine  cooling  air 

3)  Intercooling  in  the  Primary  Air  Flow 

4)  Unconventional  Fuels. 
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DISCUSSION 


J.J.Kurzak 

What  reheat  fuel  temperature  did  you  assume  for  the  inter-cooling  and  what  was  the  heat  up  of  this  fuel  during 
cooling? 

Author’s  Reply 

The  fuel  temperature  at  the  heat  exchanger  exit  depends  on  the  flight  Mach  number.  In  this  case  it  will  be  about 
100°C  at  Mach  one  and  about  145°C  at  Mach  two. 


J.J.Kurzak 

So  you  assumed  somewhat  like  60-70°  fuel  temperature  supply? 

Author’s  Reply 

The  fuel  temperature  at  the  heat  exchange.  . 'trance  was  assumed  to  be  about  50°C. 


J.J.Kurzak 

Do  you  think  that  is  realistic  in  view  of  the  MRCA? 


Author’s  Reply 

The  tempera uire  of  the  main  combustor  fuel  will  be  somewhat  higher  because  this  has  been  used  previously  for 
inter-cooling  of  the  oil,  etc.  But  it  is  not  necessary  to  use  the  reheat  fuel  for  this  purpose  too. 


H.Ahrendt 

Can  you  comment  how  the  fuel  rich  reheat  works  when  the  after  burner  fuel  is  introduced  in  the  main  combustor, 
Have  you  a practical  solution  in  mind? 

Author’s  Reply 

In  the  main  combustor  there  is  usually  a nearly  stoichimetric  mixture  ratio  in  the  primary  combustion  zone. 
Normally  you  supply  surplus  air  to  lower  the  turbine  inlet  temperature.  In  the  case  of  fuel  rich  combustion  how- 
ever you  must  add  supplementary  fuel  for  the  same  purpose,  thus  reaching  mixture  ratios  well  beyond  the  stoichio- 
metric 


J.Dunham 

In  your  performance  calculations,  did  you  account  for  the  spillage  drag  of  the  supersonic  intake,  and  the  base  drag 
of  the  supersonic  nozzles,  under  conditions  of  reduced  engine  airflow?  So  is  your  “thrust”  F installed  thrust  or 
engine  thrust ? 


Author's  Reply 

All  thrust  curves  are  computed  with  respect  to  the  spillage  drag,  not  with  respect  to  the  exhaust  system  drag. 
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ABSTRACT 

A two-dimensional  Augmented  Deflector  Exhaust  Nozzle  (ADEN)  has  been  designed,  fabricated  and  tested 
for  use  on  future  advanced  multimission  V/STOL  aircraft.  The  ADEN  program  was  part  of  a Navy  Advanced 
V/STOL  Propulsion  Component  Development  Program.  This  program  included  a comprehensive  series  of  aero- 
dynamic and  mechanical  design  studies,  aircraft  system  studies,  scale  model  experimental  test  programs, 
and  a full  size  ADEN  demonstration  test  on  a General  Electric  YJ101  engine.  This  paper  presents  the 
aerodynamic  and  mechanical  features  of  the  ADEN  and  describes  the  full  scale  demonstrator  program. 

1.  INTRODUCTION 


The  United  States  Navy,  recognizing  the  advanced  technology  requirements  to  develop  a superior  multi- 
mission V/STOL  fighter  aircraft,  initiated  an  Advanced  V/STOL  Propulsion  Component  Development  Program. 

In  mid-1972  the  General  Electric  Company  was  awarded  the  exhaust  nozzle/deflector  portion  of  the  program. 

The  Nozzle/Deflector  Component  Development  Program  consisted  of  three  parts:  (1)  was  a comprehensive 

evaluation  of  the  performance,  design  and  installation  parameters  required  for  the  identification  of  a 
nozzle/deflector  system  having  the  greatest  potential  for  application  to  a Navy  V/STOL  fighter;  (2)  in- 
cluded the  detail  design  and  component  testing  of  the  selected  nozzle/deflector;  (3)  was  the  design  fab- 
rication and  test  of  the  full  size  engine  demonstrator  assembly  of  the  ADEN. 

2.  V/STOL  PROPULSION  SYSTEM  REQUIREMENTS 

Future  V/STOL  fighters  require  high  specific  thrust  (afterburning)engines  to  best  achieve  multimission 
objectives.  Results  of  aircraft  system  studies  conducted  in  Part  (1)  indicate  that  the  combat  and  Ps 
mission  points  size  the  main  propulsion  system  such  that  all  the  required  vertical  thrust  is  potentially 
available  from  the  cruise  engines.  From  a total  system  weight  standpoint,  it  is  desirable  to  maximize 
the  amount  of  onboard  cruise  engine  thrust  and  minimize  direct  lift  engine/devices  size  and  thrust  re- 
quirements during  vertical  operation.  The  capability  to  operate  the  cruise  engine  at  afterburning  power 
settings  in  the  vertical  and  cruise  mode  is  therefore  a desirable  feature  of  an  advanced  nozzle/deflector 
system. 

Advanced  V/STOL  aircraft  configured  to  utilize  the  maximum  amount  of  cruise  engine  thrust  during 
vertical  operation  tend  towards  mid-fuselage  propulsion  system  installation  to  meet  pitch  balance  con- 
straints. Studies  have  indicated  that  two-dimensional  exhaust  systems  generally  have  superior  cruise 
installation  characteristics  relative  to  conventional  axisymmetric  exhaust  systems  in  this  type  aircraft 
configuration. 

Advanced  V/STOL  fighter  aircraft  normally  include  multimission  objectives  for  transonic/supersonic 
cruise  and  combat  and  subsonic  loiter.  The  nozzle/deflector  exhaust  system  internal  fl.iwpath  design  Is 
critically  important  to  a multimission  V/STOL  fighter  because  of  dual  requirements  for  both  low  speed  and 
high  Mach  capabilities  with  high  installed  performance.  As  subsonic  and  supersonic  combat  specific  power 
(excess  thrust)  levels  increase,  variable  geometry  exhaust  systems  are  required  to  provide  nozzle  throat 
area  modulation  and  expansion  area  control  to  provide  high  nozzle  thrust  coefficients  for  a wide  range  of 
cruise/acceleration  and  maneuverability  points.  It  is  therefore  a critical  requirement  that  the  thrust 
vectoring  device  does  not  compromise  the  exhaust  system  aerodynamic  flowpath  during  forward  mode  operation. 

3.  AUGMENTED  DEFLECTOR  EXHAUST  NOZZLE  (ADEN) 

Exhaust  systems  capable  of  deflecting  or  turning  the  exhaust  gas  of  jet  engines  to  achieve  vertical 
and  short  take  off  and  landing  have  been  considered  for  many  years.  A wide  variety  of  thrust  vectoring 
nozzles  has  evolved.  Iu  general  these  nozzles  have  had  one  or  more  of  the  following  limitations. 

o Low  internal  performance  due  to  internal  flowpath  compromises  required  to  accommodate  the  de- 
flector system. 

o Limited  to  non-augmented  temperatures  in  the  vectored  mode  of  operation. 

o Excessive  downward  projection  of  the  nozzle/deflector  in  the  lift  mode  resulting  in  ground 
clearance  problems. 

o Slow  vector  angle  and  nozzle  area  rate  of  variation. 

o Discontinuous  vectoring  performance  between  cruise  mode  and  lift  mode. 

o Airframe  doors  required  to  accommodate  the  nozzle  in  the  vectored  mode. 


o Installed  performance  problems  due  to  excessive  base  area  or  nozzle  boattall  angles, 
o Low  lift  thrust  available  when  compared  to  the  required  weight  addition  to  the  basic  cruise  engine, 
o Excessive  complexity  with  consequent  reliability  limitations. 

The  Augmented  Deflector  Exhaust  Nozzle  (ADEN)  is  a simple,  reliable,  compact,  high  performance  V/STOL 
nozzle  which  resolves  all  of  the  above  listed  limitations. 

The  ADEN  (Figure  1)  is  a two-dimensional,  variable  area  external  expansion  exhaust  system.  Basic 
components  consist  of:  (1)  a transition  casing  from  a round  cross  section  at  the  tall  pipe  connect 

flange  to  a two-dimensional  cross  section  at  the  nozzle  throat  station;  (2)  a two-dimensional  variable 
geometry  convergent-divergent  flap  assembly;  (3)  a two-dimensional  variable  ventral  flap;  (4)  a two- 
dimensional  external  expansion  ramp  which  can  be  fixed  or  variable  depending  on  specific  installation  re- 
quirements and;  (5)  a rotating  deflector  for  thrust  vectoring.  In  the  stowed  (cruise  mode)  position  the 
deflector  is  located  outside  the  casing  so  that  it  does  not  compromise  the  required  internal  flowpath 
contours. 


Fig.  1 ADEN  Flowpath 

ADEN  operation  is  illustrated  by  a variable  geometry  model  in  Figure  2.  In  the  cruise  mode,  nozzle 
area  control  is  achieved  by  the  variable  convergent-divergent  flap  assembly.  The  variable  ventral  flap 
located  downstream  of  the  throat  controls  the  nozzle  expansion  area  ratio  as  required  over  the  range  of 
operating  pressure  ratios.  (Figures  2a  and  2b).  Note  that  the  throat  is  forward  of  the  ventral  flap 
such  that  nozzle  area  is  independent  of  the  ventral  flap  position. 

For  V/STOL  operation,  the  rotating  deflector  diverts  the  jet  downward  (Figure  2c).  The  nozzle  flap 
assembly  is  rotated  to  the  maximum  open  position  to  substantially  reduce  the  flow  Mach  number  approaching 
the  turn.  The  throat  is  established  between  the  tip  of  the  ventral  flap  and  the  deflector  bonnet  and 
rotates  with  the  deflector  such  that  flow  turning  is  accomplished  subsonically  at  all  deflector  settings. 

The  low  pressure  region  at  the  inside  of  the  turn  is  freely  vented  to  ambient  air  to:  (1)  minimize  the 
secondary  flowfield  from  the  outside  (high  pressure)  to  the  inside  of  the  turn,  and  (2)  provide  a free 
jet  expansion  supersonically.  These  features;  low  velocity  approaching  the  turn,  subsonic  turning  and 
free  jet  expansion  combine  to  provide  a maximum  efficiency  thrust  vectoring  system. 

An  additional  feature  of  the  ADEN  design  is  the  capability  to  provide  inflight  thrust  vector  control 
by  utilizing  a variable  aft  expansion  ramp  (Figure  2d).  Rotation  of  the  expansion  ramp  will  provide  an 
upward  or  downward  vertical  thrust  component  as  desired. 


Thrust  vector  control  can  be  achieved  without  increasing  the  propulsion  system  frontal  projected 
area  or  requiring  external  bomb  bay  doors,  etc.  to  accommodate  thrust  vectoring  such  that  benefits  of 
inflight  thrust  vectoring  can  be  realized  without  increasing  aircraft  drag. 

The  Impact  of  the  ADEN  inflight  thrust  vectoring  capability  on  aircraft  system  performance  is  strong- 
ly configuration  dependent.  For  example,  in  aft  fuselage  installations,  small  variations  in  the  ADEN  re- 
sultant thrust  vector  can  significantly  contribute  to  the  aircraft  pitch  control  authority  resulting  in 
downsizing  the  horizontal  control  surfaces  and  minimizing  trim  drag.  On  wing  pod  mounted  installations, 
the  aircraft  can  be  designed  such  that  the  nozzle  exit  coincides  with  the  wing  trailing  edge.  In  this 
type  installation  the  nozzle  expansion  ramp  can  be  integrated  with  the  wing  flap  system  and  the 
ADEN  inflight  thrust  vectoring  capability  can  be  utilized  to  produce  wing  lift  enhancement/supercircula- 
tion  effects.  Figure  3 is  a photograph  of  a twin  engine/ADEN  VTOL  aircraft  during  testing  in  the  NASA 
Langley  low  speed  wind  tunnel.  A schematic  of  the  ADEN  installation  in  both  cruise  and  lift  mode  is 
shown  in  Figure  4.  Note  that  the  ADEN  aspect  ratio  (dry  cruise  throat  width/height  ratio)  and  the 
arrangement  of  the  nozzle  flaps,  deflector,  expansion  flap,  actuators  and  structural  elements  have  been 
carefully  selected  to  allow  high  performance  afterbody  contours.  The  two-dimensional  nozzle  shape 
blends  well  with  airframe  contours  without  drag  producing  base  regions.  The  selected  aspect  ratio 
allows  the  ADEN  to  be  Installed  without  increasing  frontal  projected  area. 

3.1  Performance 


Exhaust  system  installed  performance  during  forward  mode  operation  is  highly  dependent  on  the 
particular  aircraft/engine  installation.  Studies  of  both  twin  and  wing  pod  mounted  installations  show 
that  ADEN  installation  characteristics  can  provide  a significant  reduction  of  exhaust  system  base  area, 
especially  at  dry  power  operation.  ADEN  installed  drag  reductions  of  20  to  30%  relative  to  conventional 
exhaust  systems  can  be  achieved.  Wind  tunnel  test  programs  to  investigate  ADEN  installed  performance 
characteristics  and  inflight  vectoring  performance  on  an  advanced  multimission  V/STOL  aircraft  were  con- 
ducted at  the  NASA  Langley, low  speed  V/STOL  and  16-foot, high  speed, windtunnels. 
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The  cruise  and  vectored  mode  performance  characteristics  were  verified  through  a series  of  cold  flow 
static  internal  performance  tests.  Tests  simulated  forward  and  vectored  modes  over  the  range  of  operating 
pressure  ratios  and  nozzle  deflection  angles.  A comparison  of  the  static  Internal  performance  character- 
istics of  the  ADEN  is  presented  in  Figure  5. 

DEFLECTED  MODE  DEFLECTED  THRUST 
UNDEFLECTED  THRUST 


Fig.  5 Nozzle/Deflector  Internal  Performance  Comparison 
3.2  Nozzle/Deflector  Installation  Testa 


Hover  and  low  speed  wind  tunnel  testing  of  two-dimensional  and  axisymmetric  lift/cruise  nozzle/ 
deflectors  installed  in  a 1/10  scale  V/STOL  fighter  were  conducted  in  the  NASA  Langley  V/STOL  tunnel 
(Figure  3).  Variables  tested  included  nozzle  exit  shape  (round  and  2-D) , lift/cruise  and  direct  lift 
engine  jet  deflection  angle,  ground  proximity  and  lift/cruise  engine  spacing.  The  effects  of  these 
variables  on  aircraft  performance  (lift,  drag,  and  pitching  moment)  were  determined  over  a range  of  free 
stream  to  jet  effective  velocity  ratios  and  angle  of  attack  to  simulate  hover  through  transition  flight 
conditions.  The  test  results  provided  a data  base  to  estimate  in  ground  effect  (IGE)  and  out  of  ground 
effect  (OGE)  installation  characteristics  of  the  various  nozzle/ deflector  designs.  The  test  program  con- 
cluded that: 

(1)  Installation  characteristics  of  the  two-dimensional  nozzle/deflector  design  is  superior  to 
the  axisymmetric  nozzle  at  transition  flight  conditions. 

(2)  Two-dimensional  aft  deflector  outboard  installation  (approximately  one  nozzle  diameter)  is 
superior  to  the  inboard  installation.  The  pod  position  effect  was  evident  both  in  simulated  transition 
flight  conditions  and  during  hover.  In  hover,  interference  lift  is  the  net  result  of  suckdown  due  to  Jet 
entrainment  of  ambient  air  around  the  aircraft  and  jet/ground  plane  interaction  producing  jet  fountain 
lift.  Reduced  interference  lift  loss  at  landing  gear  height  directly  impacts  (reduces)  the  direct  lift 
engine  sizing  requirements. 

Diagnostic  flow  visualization  tests  were  also  conducted  to  provide  a qualitative  internal  flow  field 
description  at  various  operating  conditions. 

3.3  Design  Criteria  and  Requirements 

The  ADEN  demonstrator  was  designed  with  life  objectives  and  strength  criteria  similar  to  recent 
production  exhaust  system  components.  Such  important  considerations  as  thermal  cyclic  fatigue,  acoustic 
fatigue,  stress  concentration  effects,  thermal  stress  and  distortion  and  plastic  creep  were  included  in 
the  analytical  design  along  with  stress  and  deflection  analysis. 

The  materials  and  processes  used  are  much  the  same  as  those  used  on  current  exhaust  nozzles  and  aug- 
mentors,  Figure  6.  As  an  example,  chemical  milling  is  used  to  provide  weight  effective  material  dis- 
tribution throughout  the  structure.  This  method  of  varying  thickness  in  sheet  metal  structures  is  pre- 
ferable to  t!  ->  use  of  doublers  since  stress  concentrations  at  doubler  attachment  welds  can  lead  to 
fatigue  cracking.  Conservative  design  criteria  have  been  chosen  to  ensure  realistic  ADEN  design  life  and 
weight  objectives. 
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The  ADEN  was  designed  foe  a low  cycle  fatigue  life  of  twice  the  cycles  anticipated  based  on  the  duty 
cycle.  Elevated  temperature  parts  are  designed  based  on  creep  distortion  limits  and  the  objective  rupture 
life  values. 

Wea.'  and  fatigue  life  Is  based  on  the  duty  cycle  which  includes  2667  missions  of  1.5  hours  each  in 
4000  operating  hours.  The  vectoring  actuation  and  augmentor  Ignition  cycles  given  correspond  to  an  aver- 
age of  2.7  cycles  per  mission.  Three  nozzle  actuation  cycles  per  mission  are  assumed. 

Maneuver  load  capability  of  lOg  (downward  in  VTOL  operation)  was  specified.  Acoustic  fatigue  life 
analysis  is  based  on  excitation  data  from  production  engine  augmentor  testing. 

3.4  Structural  Considerations 


One  of  the  major  concerns  relative  to  two-dimensional  nozzle  designs  has  been  the  potential  de- 
flections due  to  the  effects  of  pressure  loading  and  thermal  gradients  in  the  flat  casing  and  deflector 
sidewalls.  ADEN  deflections  were  carefully  considered  relative  to  sealing  and  leakage  as  well  as  general 
fit  up  and  operating  clearance  variation  of  the  flaps,  deflector  and  casing.  The  ADEN  demonstrator 
design  has  been  tailored  to  minimize  deflection  without  exceeding  practical  weight  considerations.  A 
safe  level  of  operating  clearances  is  maintained  under  all  conditions. 

A specialized  structural  analysis  procedure  was  developed  for  non-axlsynmetrlc  nozzle  structures. 

This  procedure  is  based  upon  MASS  (Mechanical  Analysis  of  Space  Structures)  which  is  a three-dimensional 
finite  element  computer  program. 

The  flat  internal  surfaces  of  a two-dimensional  exhaust  nozzle  are  subject  to  acoustic  excitation. 

The  ADEN  design  makes  use  of  contoured  and  corrugated  panels  wherever  possible  to  provide  local  stiffness 
and  resistance  to  panel  vibration.  The  root  mean  square  alternating  stress  was  calculated  based  on 
recent  augmentor  acoustic  excitation  test  data. 

The  ADEN  system  is  primarily  fabricated  from  sheet  material  with  formed  ribs  and  stiffeners.  Re- 
sistance welding,  rivets  and  bolts  are  used  for  joining  the  sheet  and  ribs.  This  construction  was  se- 
lected over  sandwich  construction  for  three  reasons: 

(1)  The  sheet  and  rib  construction  is  utilized  extensively  to  distribute  cooling  air. 

(2)  Tests  have  shown  this  construction  to  be  more  thermal  fatigue  resistant  than  sandwich  construction. 

(3)  Lower  cost. 

3.5  Control  and  Actuation 


Simplicity  and  reliability  have  been  emphasized  throughout  the  ADEN  control  system  design.  The 
motion  of  the  three  nozzle  flaps  is  scheduled  by  cam  and  liuk  mechanisms  such  that  they  are  operated  by 
a single  nozzle  area  control  system.  The  deflector,  used  during  V/STOL  only,  requires  a second  control 
system. 

Highly  reliable  digital  electronic  controls  will  be  used  to  control  the  nozzle  functions.  The  con- 
trol components,  such  as  a hydraulic  pump  and  actuators,  are  of  proven  design  with  conventional  3000  to 
4000  psi  hydraulic  pressures. 

Nozzle  area  control  in  the  cruise  mode  is  provided  by  varying  the  convergent  and  divergent  (upper) 
flaps  by  means  of  hydraulic  actuators. 

The  ventral  flap  positioned  by  a dual  cam  mechanism  has  two  functions: 
o Expansion  Area  control  in  the  cruise  mode, 
o Nozzle  throat  area  control  in  the  V/STOL  mode. 

The  ventral  flap  must  be  varied  during  cruise  mode  operation  to  provide  efficient  expansion  of  the 
nozzle  flow.  This  variation  is  accomplished  by  a single  cam  drive  mechanism. 

The  ventral  flap  must  also  be  varied  with  the  deflector  angle.  This  is  necessary  to  control  nozzle 
throat  area  as  the  deflector  is  rotated  through  the  thrust  vectoring  range.  A second  cam  mechanism  pro- 
vides this  motion.  Inflight  thrust  vector  control  is  provided  by  a movable  external  expansion  flap.  This 
flap  is  best  suited  to  Integration  with  the  aircraft  control  surface  actuation  system,  but  can  be  engine 
controlled  if  required. 

3.6  Seals 


Sealing  is  a critical  area  in  a high  performance  exhaust  nozzle.  The  seals  must  be  conformable 
and  capable  of  accomodating  load  deflections,  thermal  expansion  and  manufacturing  tolerances.  Experience 
gained  with  effective  sealing  techniques  in  previous  exhaust  nozzles  and  thrust  reversers  has  been 
factored  into  the  ADEN  design.  High  excursion  seals  are  used  on  the  flap  edges  and  deflector  to  accommo- 
date the  flap  panel  deflections.  In  areas  where  gap  variation  is  small,  such  as  at  the  ventral  flap 
hinge,  simple  elastic  leaf  seals  are  used.  The  reduced  number  of  moving  parts  in  the  ADEN  relative  to  a 
conventional  flap  and  seal  nozzle  results  in  a 30  to  50Z  reduction  in  the  gap  length  to  be  sealed. 
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To  achieve  high  lift  thrust  levels,  high  temperature  augmentation  is  required  and  the  key  to 
success  with  such  a V/STOL  exhaust  system  is  the  cooling  scheme.  Particularly  difficult  cooling  problems 
are  characteristic  of  V/STOL  exhaust  systems  for  augmented  operation. 

A conventional  augmented  exhaust  system  has  only  minor  changes  in  pressure  and  velocity  along  the 
flowpath.  This  means  that  efficient  film  cooling  can  be  achieved  bv  use  of  constant  area  slots  or  holes 
for  Injecting  the  cooling  film  with  only  minor  changes  in  coolan  w resulting  as  the  operating  con- 
ditions are  varied.  By  comparison,  the  cooling  system  of  ADE)  xhaust  systems  are  subject  to  large 

gas  stream  pressure  gradients  during  transit  an  from  cruise  to  id  mode.  This  could  disturb  or  re- 
verse the  normal  flow  of  cooling  air  provided  by  a conventional  ng  system  design. 

The  ADEN  cooling  system  provides  effective,  reliable  cooling  of  the  hot  exhaust  system  parts  with  the 
cooling  flow  available  from  the  fan  air  stream.  The  flow  is  ducted  around  the  augmentor  liner,  distri- 
buted through  structural  ribs,  and  metered  to  provide  the  varying  amounts  of  cooling  flow  as  required 
during  cruise  and  vectored  mode  operation. 

During  vectored  operation  the  nozzle  throat  is  rotated  with  the  deflector  so  that  the  gas  flow  is 
turned  upstream  of  the  throat  at  velocities  substantially  lower  than  sonic  velocity.  Pressure  losses 
minimized  and  efficient  performance  achieved.  This  feature,  while  benefitting  performance,  results  in 
difficult  coolant  flow  control  since  the  changes  in  flowpath  geometry  result  in  wide  variation  of  vel- 
ocity and  pressure  of  the  hot  gas  along  the  flowpath. 

A variable  valving  system  is  used  to  regulate  the  ADEN  cooling  flow  under  the  varying  pressure  con- 
ditions. Adequate  cooling  flow  in  the  lift  mode  is  provided  when  flowpath  cross  section  areas  are  large, 
velocities  low  and  main  stream  static  pressure  high.  Adequate  but  not  excessive  coolant  flow  is  also  pro- 
vided when  operating  in  the  cruise  mode  with  smaller  flowpath  cross  section  areas,  high  velocities  and 
correspondingly  low  stream  pressures.  In  the  cruise  mode,  the  coolant  flow  to  the  stowed  deflector  is 
shut  off. 


Cooling  of  the  deflector  surface  is  difficult  since,  due  to  the  centrifugal  forces  which  result  from 
turning  the  flow,  the  gas  stream  static  pressure  is  as  great  or  greater  than  the  fan  air  pressure  which 
is  the  only  available  source  of  coolant.  This  condition  precludes  use  of  film  cooling  and  in  general 
prevents  coolant  from  flowing  from  the  cool  side  of  the  deflector  liner  to  the  hot  side.  An  impingement/ 
convection  system  is  utilized  for  cooling  the  critical  flow  deflecting  surface.  Figures  7 and  8 show 
the  coolant  flow  distribution  in  the  forward  and  V/STOL  modes  respectively. 
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Fig.  7 ADEN  Forward  Mode  Cooling  Arrangement  Fig.  8 ADEN  Vectored  Mode  Cooling  Arrangement 


3.8  Reliability  Considerations 


Reliability  considerations  in  a V/STOL  exhaust  system  are  more  critical  than  in  a conventional 
cruise  exhaust  nozzle,  especially  during  take  off  and  landing.  Reliability  has  been  emphasized  in  the 
design  of  the  ADEN  exhaust  system.  Proven  reliable  components  are  used  wherever  possible  and  in  general, 
.risk  is  held  to  a minimum  consistent  with  a light  weight  high  performance  exhaust  nozzle. 


Loss  of  hydraulic  pressure  is  a serious  concern.  The  ADEN  control  system  makes  use  of  a proven, 
reliable  hydraulic  pump.  In  addition,  a fail-fix  servo  valve  feature  is  incorporated  which,  in  event  of 
loss  of  hydraulic  pressure,  will  lock  the  actuator  piston  into  the  position  at  the  time  of  failu-e. 


In  the  event  of  an  electrical  control  failure,  either  "hard  over"  or  "loss  of  power",  the  controlled 
variable  Is  maintained  in  the  last  comand  position  by  the  action  of  the  fail-fix  servo  valve.  This 
valve  is  designed  to  block  flow  to  and  from  the  actuators  st  either  end  of  the  valve  stroke  or  at  mid- 
stroke. The  ADEN  makes  use  of  the  most  reliable  sensors  and  feedback  devices  available. 


DISCUSSION 


E.Hienz 

What  temperature  was  the  deflector  run  at  and  wtiat  weight  penalty  must  be  considered  for  such  a nozzle? 

Author’s  Reply 

The  temperatures  were  in  the  range  of  1600  to  2700°F.  There  is  a weight  penalty  - it  is  heavy  --  but  I do  not  know 
exactly  the  numbers,  it  may  be  1 5 to  20%. 


J.M. Hardy 

Queue  masse  d’air  utilisez-vous  pour  le  refroidissement  dc  la  tuyere? 

Author’s  Reply 

Fan  discharged  air  was  used  for  cooling  the  nozzle. 


JJH. Hardy 

Oui,  mais  quel  est  son  pourcentage  par  rapport  a un  ddbit  de  masse/moteur? 

Author’s  Reply 

I don’t  know  the  exact  answer  to  that  question.  Not  included  in  the  paper  was  how  the  air  flows  are  distributed  in 
different  flight  regimes.  During  the  vector  mode  the  deflector  is  cool  but  during  the  horizontal  mode  it  is  not.  So 
a different  amount  of  cooling  air  is  used  in  different  parts  of  the  flight  regime. 


N.G.Hatton 

Is  the  performance  loss  relative  to  a normal  axisymmetric  convergent  nozzle  acceptable  in  the  normal  cruise  mode? 
Author’s  Reply 

To  date  we  haven’t  shown  off  the  performance  loss.  It  is  very  little,  if  any. 

The  data  on  the  full  scale  test  have  not  been  reduced  completely.  It’s  very  recent,  but  it  looks  very  good.  The  paper 
shows  that  the  deflected  mode  is  much  better  than  any  other  vectoring  nozzle  we  have  seen  so  far. 


J.Kurzak 

What  thrust  loss  is  expected  for  vertical  as  compared  to  horizontal  thrust?  (Pressure  loss  due  to  tum  plus  exhaust 
coefficients). 

Author’s  Reply 

There  is  100%  thrust  available  when  the  afterburner  is  used  in  both  cases.  The  nozzle  thrust  coefficients  are  about 
the  same  in  horizontal  and  vertical. 
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ABSTRACT 

Thi*  paper  will  discuss  the  potential  application*  for  Variable  Cycle  Engine*.  It  will  also  discus* 
the  payoffs  for  variable  cycle  engines  and  the  constraints  on  these  engines  both  from  a totally  installed 
aspect,  as  well  as  the  Internal  engine  restrictions. 

POTENTIAL  APPLICATIONS  OF  VARIABLE  CYCLE  ENGINES 


There  are  several  potential  applications  of  Variable  Cycle  Engines  in  military  and  commercial 
missions.  We  will  discuss  the  Military  applications  first,'  VCE's  will  show  an  advantage  for  appli- 
cations which  have  some  of  the  following  characteristics. 

o The  basic  design  mission  will  have  engine  requirements  at  both  supersonic  and 
subsonic  flight  conditions. 

o A requirement  for  operation  flexibility  by  variation  of  the  flight  speed  in  the 
design  mission. 

o Alternative,  non-design  mission  with  emphasis  on  fuel  savings. 

There  are  always  alternate  non-design  missions  for  any  military  aircraft.  With  the  current 
emphasis  on  the  reduction  of  fuel  usage  and  the  military  logistics  problem  of  fuel  availability,  greater 
emphasis  is  expected  to  occur  on  the  fuel  used  in  the  prime  and  alternate  mission  of  future  aircraft. 

Four  possible  applications  of  VCE’s  are  discussed  for  the  following  aircraft  types: 

o Air  to  ground  penetration  with  supersonic  and  subsonic  missions. 

o Supersonic  air-to-air  combat  fighter. 

o Ground  Support/ Attack  Fighter/Bombers 

o VTOL  Fighter  applications. 

The  best  design  mission  for  a military  air-to-ground  penetration  will  include  significant  supersonic 
and  subsonic  mission  legs.  This  type  of  aircraft  should  have  extreme  flexibility  in  the  penetration  mode 
in  order  to  give  the  battlefield  commander  the  operational  flexibility  to  vary  his  penetration  mode  and 
increase  the  survivability  of  his  force.  To  the  engine  designer  this  will  place  a premium  on  variable 
cycle  features  during  the  design  mission.  The  alternate  missions  for  such  a vehicle  will  contain  many 
subsonic  flight  conditions  and  will,  consequently,  show  additional  payoff  for  VCE's. 

Air-to-air  combat  fighters  with  supersonic  capability  have  been  in  the  Inventory  for  the  last  twenty 
years,  but  these  designs  are  not  capable  of  efficient  supersonic  operation  resulting  in  the  fact  that  they 
are  not  utilized  in  the  supersonic  arena.  It  is  possible  to  design  an  aircraft  with  high  supersonic  cruise 
efficiency  which  would  then  permit  improved  combat  persistence  in  the  supersonic  mode.  Such  a 
fighter  would,  of  necessity,  also  have  requirements  for  efficient  supersonic  and  subsonic  engine  operation 
in  terms  of  maneuverability  and  persistence.  Against  these  requirements  the  variable  cycle  engine 
could  show  an  advantage. 

There  is  always  an  ideal  requirement  to  have  an  aircraft  loiter  on  station  near  the  area  of  action 
from  which  it  could  be  called  for  combat.  This  type  of  aircraft  places  a large  emphasis  on  low  power 
fuel  consumption  and  engines  optimised  for  that  condition  do  not  have  good  combat  performance.  A 
variable  cycle  engine  might  have  a strong  payoff  in  such  type  mission  and  aircraft. 

The  design  of  a VTOL  fighter  is  of  necessity  a significant  compromise  procedure.  The  powered 
lifting  requirements  and  resulting  configuration,  in  general,  conflict  with  the  requirements  for  a fighter 
orattack  aircraft.  The  flow  modulation  and  versatility  inherent  in  possible  VCE  designs  could  have 
significant  payoffs  in  improved  performance  and  simplifying  the  overall  design. 

In  commercial  applications  the  best  candidate  is  the  supersonic  transport  which  has  mixed  mission 
requirements.  It  is  desirable  to  fly  supersonically  as  much  as  possible,  but  due  to  the  multitude  of 
route  segments  mueh  or  all  of  the  flight  could  be  subsonic.  The  take-off  and  approach  noise  also  plays 
a factor  in  the  SST  system  design,  and  this  requirement  plus  the  supersonic /subsonic  flight  require- 
ments would  be  a natural  application  for  a variable  cyele  engine. 


It  is  obvloua  that  there  are  many  possible  application*  for  variable  cycle  engines,  however,  there 
are  alao  many  conatraints  in  which  the  variable  cycle  engine  muat  fit.  Although  Ideally  it  would  be  nice 
to  have  wide  awinga  in  engine  characteriatica  in  the  practical  caae,  thia  ia  not  poaaible.  The  instal* 
lation  effecta,  sizing  effects  and  weight  and  complexity  all  will  limit  the  arena  of  the  variable  cycle 
engine. 

INSTALLATION  EFFECTS 


The  cycle  characteriatica  of  the  mixed  flow  bypaas  engine  arc  atrongty  influenced  by  the  require* 
ment  that  the  atatic  pressures  be  balanced  at  the  point  of  confluency  between  the  two  streams.  A low 
design  fan  pressure  ratio  (FPR)  demands  a tow  turbine  exit  pressure  with  a targe  amount  of  energy 
available  to  the  turbine.  Concurrently,  the  energy  per  unit  fan  flow  ia  lower  for  the  low  FPR  design. 
These  two  phenomena  work  together  to  drive  the  bypass  ratio  (BPR)  up  for  a low  tan  pressure  ratio 
design  and  down  for  a high  FPR  design.  Figure  1 illustrates  this  characteristic  for  a range  of  designs 
consistent  in  overall  cycle  pressure  ratio,  turbine  temperature,  and  component  performance  charac- 
teristic*. 

BYPASS  RATIO  VARIATION  WITH  FAN  PRESSURE  RATIO 
FOR  ADVANCED  TECHNOLOGY  TURBOFAN  ENGINES 


Figure  1 


In  the  supersonic  flight  regime,  bypass  cycles  having  high  fan  pressure  ratio  tend  to  have  lower 
values  of  specific  fuel  consumption  (SFC)  both  in  the  unaugmented  and  in  the  augmented  modes  when 
compared  with  lower  FPR  cycles,  and  in  the  unaugmented  mode,  significantly  more  thrust.  Although 
augmentation  will  tend  to  bring  ttu  thrust  levels  of  the  low  and  high  FPR  designs  more  closely  together, 
the  low  FPR  engine  falls  short  of  catching  up  (for  engines  having  equal  overall  engine  airflow).  Figure 
Z illustrates  this  characteristic  for  augmented  engines  designed  for  the  Mach  2 speed  range.  The  FPR 
4.  S design  not  only  has  a larger  maximum  thrust  per  unit  airflow  but  also  displays  a substantially 
lower  SFC  level  over  the  full  thrust  range.  For  the  levels  of  turbine  inlet  temperature  and  component 
performance  levels  used  a 4.  5 FPR  design  will  be  limited  in  BPR  to  a value  less  than  0.  S giving  this 
engine  cycle  characteristics  similar  to  a typical  augmented  turbojet  cycle. 


COMPARISON  OF  SPECIFIC  FUEL  CONSUMPTION  VARIATION 
WITH  THRUST  FOR  VARIOUS  FAN  PRESSURE  RATIO 
TURBOFANS 
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In  the  subsonic  (tight  regime  the  tow  FPR  deeign  ha*  substantially  lower  minimum  SFC  level* 
but  atilt  felt*  ahort  of  the  apeclfic  thruat  capabititiea  of  the  high  FPR  designs.  Theae  characteristics 
are  iUuatrated  on  Figure  3. 

COMPARISON  OF  SPECIFIC  FUEL  CONSUMPTION 
VARIATION  WITH  THRUST  FOR  VARIOUS  FAN 
PRESSURE  RATIO  TURBOFANS 
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When  deaignlng  a powerplant  for  a miaaion  application  having  aubatantial  flight  time  in  both  the 
aubaonic  and  the  auporaonic  regime*,  it  would  be  daairable  to  diaplay  the  characterlatlc*  of  the  low 
FPR  deaign  aubsonically  and  thoae  of  the  high  FPR  deaign  in  the  auperaonlc  condition*.  The  daaire 
to  develop  engine*  having  auch  flexibility  ha  a led  to  aubatantial  effort  directed  toward  variable  cycle 
engine  (VCE)  configuration*. 

The  configuration*  currently  under  atudy  do  have  the  ability  to  adjuat  their  baaic  cycle*  in  thia 
manner  but  mechanical  conetraint*  tend  to  limit  the  range  of  FPR  variation  to  a much  lower  degree 
than  that  iUuatrated  in  the  previoua  chart*.  With  aome  of  the  deaigna  tha  range  of  effective  FPR 
could  be  extended  to  the  level*  iUuatrated;  however,  auch  a cycle  would  tend  to  diaplay  thruat  mia- 
match  in  a real  aircraft  due  to  the  large  change*  of  apeclfic  thruat  level*  aaaociated  with  thia  range 
of  FPR. 


A leaa  apparent  problem  which  limit*  the  uaeful  range  of  FPR  value*  in  specific  application* 
atema  from  the  eonaervation  law*  governing  the  creation  of  propulaion  force  by  reaction.  The  mechan- 
ical energy  required  to  accelerate  the  working  fluid  inereaae*  a*  the  square  of  the  velocity  while  the 
thrust  produced  Increase*  directly  with  velocity.  Thu*  the  energy  required  to  produce  a given  level 
of  thrust  tends  to  be  proportional  to  the  velocity  of  the  exit  jet  and  consequently  tend*  to  inereaae  with 
FPR.  Thu*,  in  the  ideal  (no  loss)  caae,  the  optimum  eycle  would  tend  to  have  a very  low  FPR  with 
large  flow  rate*  (low  specific  thrust)  and  low  energy  addition,  Thia  can  be  clearly  illustrated  by 
inspection  of  the  algebraic  equations  describing  the  laws  of  kinetic  energy  and  momentum: 
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Obviously,  the  moat  thruat  per  unit  jet  kinetie  power  is  achieved  when  the  jet  velocity,  V approaches 
the  Aight  velocity,  Vq.  1** 

When  the  effects  of  the  various  loss  mechanisms  at  work  in  an  engine  are  accounted  for,  a new 
dimension  is  added  tu  there  equations.  The  mechanical  power  (Shaft  Power)  must  equal  the  jet  power 
plus  the  power  dissipated  by  internal  losses.  Defining  Ah  toss  in  the  usual  manner  as  a toss  in 
thermodynamic  enthalpy  jser  mast  unit,  with  J converting  thermodynamic  unite  of  work  to  Bteehanieal 
units,  as  used  in  the  above  equations: 
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Inetallation  drag*  associated  with  the  notale  and  inlet  ol  a propulsion  eyatem  mutt  be  deducted 
from  the  momentum  thruat.  The  remaining  installed  net  thruat  ia  then: 
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It  is  convenient  to  describe  this  installation  drag  in  terms  ol  a conventional  aerodynamic  drag  coeffi- 
cent  relerenced  to  the  Iree  stream  capture  area. 
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Dividing  the  installed  thrust  by  the  abaft  power: 
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Inspection  ol  this  equation  reveals  that  the  beneliclal  effects  ol  reducing  the  jet  velocity  arc  still 
at  work  in  the  first  term  ol  the  denominator.  However,  the  two  major  loss  phenomena  accounted  for 
each  contributes  a counter  ellect  which,  as  jet  velocity  is  reduced  toward  the  flight  velocity,  will,  in 
combination,  overcome  this  beneficial  ellect,  with  the  fundamental  effect  that  lor  any  specific  level 
of  losses  and  flight  velocity  there  will  be  an  optimum  jet  velocity  (and  FPR). 


This  analysis  is  quite  consistent  with  the  characteristics  of  real  hardware  because  power  disst- 
pation  due  to  cycle  loss  phenomena  does  tend  to  be  proportional  to  the  flow  rate  (lor  example,  a given 
pressure  loss  ratio  will  dissipate  twiee  the  power  lor  twice  the  flow),  and  installation  drags  are 
closely  related  to  the  siae  ol  the  propulsion  system,  in  turn  closely  related  to  the  Iree  stream  capture 
area. 


It  is  thus  clear  why  an  engine  flying  at  high  flight  speeds  demands  higher  FPR  values.  At  fixed 
loss  levels  a higher  V0  demands  an  equivalent  increase  in  and  FPR:  further,  the  loss  levels 
associated  with  supersonic  propulsion  tend  to  be  much  higher  than  thoae  encountered  ia  propulsion 
systems  designed  lot  subsonic  propulsion. 


In  looking  at  actual  engine  designs  this  phenomena  is  obviously  a predominant  factor  in  the  overall 
design  concepts.  The  high  0PR,  low  FPR  cycles  la  use  in  subsonic  transport  aireraft  are  characterised 
by  a careful  avoidance  of  losses:  Well  rounded  tip  inlets  with  almest  no  ram  total  pressure  loss  and 
complete  recovery  of  spillage  drag:  clean  internal  ducting  and  noaates  designed  for  very  tow  internal 
and  drag  losses. 


For  high-performance* supersonic  aircraft,  on  the  other  hand,  a complex  sharp  Upped  intet  is 
required  having  lower  subsonic  ram  total  pressute  recovery,  large  spillage  drag  potential,  and  sub- 
stantlal  parasitic  flows.  Relatively  targe  pressure  drops  are  unavoidable  with  reheat  augmemors  and 
the  noasle#  tend  to  he  •urapte*  with  internal  losses,  letfcaga  flows,  and  drag  levels.  The  overall  result 
is  that  these  eagt.^.e  must  operate  at  relatively  high  FPR  level  even  in  the  subsonic  flight  regime  to 
produce  thrust  efficiently. 


These  effects  ave  illustrated  on  Figure  •».  The  subsonie  transport  design  level  of  losses  gives  the 
best  performance  In  a FPF  range  of  about  l.g.  A propulsion  system  typical  of  a supersonic  strategic 
kotf.be;  will  best  utilise  a FPR  of  about  2,  s.  For  a typical  mixed  mission  fighter,  where  some  avoid- 
able losses  are  accepted  in  the  interest  of  keeping  the  propulsion  system  weight  and  complexity  at  a 
minimum,  a FPR  of  about  ».  S ia  needed. 


typical  fighter  (installed)  can  be  in  excess  of  50%  at  a subsonic  flight  condition. 


COMPARISON  OF  INSTALLED  SPECIFIC  FUEL  CONSUMPTION 
VARIATION  WITH  FAN  PRESSURE  RATIO 
FOR  VARIOUS  TYPES  OF  INSTALLATIONS 


fan  Prjuurc  Ratio  IfPft) 
Fitjuro  4 


Low  FPR  designs  can  also  present  size  problems  for  an  augmented  supersonic  engine  as  shown 
on  Figure  5. 

AUGMENTOR  SIZE  VARIATIONS  WITH  FAN  PRESSURE 
RATIO  FOR  ADVANCED  TURBOFAN  ENGINES 


Figure  S 


The  Veg  concepts  currently  being  studied  have  a capability  to  accommodate  large  changes  in 
effective  flow  size  is  going  from  the  subsonic  to  supersonic  flight  conditions.  This  is  accomplished, 
for  example,  by  designing  the  fan  for  excess  flow  capability  and  atlowing  the  excess  flow  to  bypass  the 
engine  with  an  effective  low  FPR  and  relatively  low  tosses  at  subsonic  erulse  conditions.  In  the  super* 
sonic  flight  conditions  the  fan  speed  is  reduced,  and  variable  geometry  is  used  to  low  flow  them,  allowing 
the  main  engine  to  swallow  most  of  the  flow,  with  an  effective  high  FPR-law  BPS  cycle. 

One  installation  problem  resulting  from  this  capability  is  a subsonic  flow  demand  ta  excess  of  that 
available  from  an  inlet  properly  steed  for  the  supersonic  conditions,  illustrated  an  Figure  f».  As  ehnwn 
_.n  Figures  ? and  s the  use  of  auxiliary  inlets  to  accommodate  this  unusual  flow  demand  wilt  result  in 
either  high  drag  or  low  mlet  ram  total  pressure  ratio  recovery,  or  both.  These  losses  can  completely 
overcome  any  eyele  benefit  from  such  eyele  flexibility  if  it  is  pushed  too  for.  Thus  the  fundamental 
conservation  laws  when  properly  applied  tend  to  limit  the  range  over  which  FPtt  and  BPS  can  be 


effectively  varied. 


INLET  AIRFLOW  VARIATION  WITH 
FLIGHT  MACH  NUMBER 
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DRAG  COEFFICIENT  VARIATION  WITH 
FLIGHT  MACH  NUMBER 
FOR  A SIMPLE  SCOOP  AUXILIARY  INLET 

Drag  for  20%  Auxiliary  Flow 
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'ight  Mach  Numbe: 
figure  7 


AUXILIARY  FLUSH  INLET  RAM  RECOVERY  VARIATION 
WITH  FLIGHT  MACH  NUMBER 


It  can  be  concluded  that  studies  of  VCE  concepts  should  concentrate  on  using  this  flexibility  over 
a limited  range  of  effective  FPR  values  working  toward  good  engine  matching  to  the  supersonic  inlet 
characteristics  while  minimizing  subsonic  conditions  installation  losses. 

SIZING  EFFECTS 


Another  very  important  consideration  in  the  variable  cycle  selection  is  the  effect  of  the  mission 
sizing  requirements  on  the  engine  type.  For  the  supersonic  transport  mission,  the  ratio  of  fuel  weight 
to  aircraft  gross  weight  is  very  high  and  therefore  any  improvement  to  supersonic  fuel  consumption  is 
extremely  important.  In  thH  case,  the  engine  type  would  favor  the  higher  fan  pressure  ratios  for  good 
supersonic  performance.  However,  the  SST  has  another  requirement  which  is  acceptable  noise  levels 
at  takeoff  and  approach.  During  this  operation  the  most  desired  cycle  is  one  that  has  low  specific 
thrust  and  high  airflow.  At  this  flight  condition  from  0 to  . 3 Mach  number,  auxiliary  inlets  have  good 
ram  recovery  so  therefore  higher  bypass  ratios  which  require  high  aii  flows  at  this  condition  pay  off 
and  the  engine  would  revert  to  its  normal  supersonic  cruise  cycle.  Similarly  for  VTOL  applications, 
maximum  thrust  is  required  at  take  off.  Like  the  SST  this  high  flow  is  only  required  at  conditions 
where  auxiliary  inlets  are  good.  Therefore,  high  flowing  or  high  flow  conditions  at  takeoff  would  be 
beneficial  for  VTOL  since  in  this  case  auxiliary  inlets  are  possible. 

Now  for  the  normal  type  of  combined  supersonic/subsonic  military  mission  requirements,  the 
engine  sizing  can  take  on  different  aspects.  The  maneuverability,  acceleration  thrust,  and  combat 
ability  all  will  influence  the  cycle  selection  and  tend  to  drive  it  away  from  its  cruise  only  optimum. 
Missions  which  k .ve  very  little  or  virtually  no  maneuver  requirements  will  tend  toward  the  lower  fan 
pressure  ratiot  end  higher  bypass  ratio  when  a significant  amount  of  the  mission  is  subsonic.  This 
is  shown  in  Figure  9.  As  the  maneuver  requirements  increase  in  both  subsonic  and  supersonic  arenas, 
the  engine  cycles  will  optimize  to  higher  fan  pressure  ratios  and  lower  bypass  ratios  to  give  good 
combat  ability.  For  the  normal  type  mission,  however,  the  major  portions  of  it  are  subsonic  where 
the  higher  bypass  ratio  is  desirable.  So  in  this  case  the  variable  cycle  could  have  a significant  payoff 
in  allowing  the  high  fan  pressure  ratio  cycle  with  good  combat  ability  to  also  have  good  subsonic  per- 
formance. 


COMPARISON  OF  AIRCRAFT  GROSS  WEIGHT  VARIATION 
WITH  FAN  PRESSURE  RATIO  FOR  DIFFERENT 
MANEUVE'  REQUIREMENTS 
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Figure  9 


The  final  selection,  of  course,  will  depend  upon  the  mission  requirements.  However,  it  is  obvious  that 
a possible  attribute  of  the  variable  cycle  engine  would  be  one  which  could  swing  the  bypass  ratio  to 
give  good  maneuverability  during  combat  and  improved  subsonic  fuel  consumptions  during  other 
conditions. 


COMPLEXITY  AND  WEIGHT 


Many  variable  cycle  engines  have  been  studted  and  even  tested  in  the  past  10-15  years  at  the 
General  Electric  Company. 

Let  us  now  examine  some  of  thj  early  VCE  types  that  were  basically  attempts  at  combining  the 
desirable  features  of  the  turbojet  and  turbofan  cycles  in  one  package,  but  at  that  time  were  not  com- 
pletely satisfactory  because  of  unacceptable  weight  and  complexity  or  excessive  losses  due  to  unusual 
engine  component  requirements.  Some  of  the  early  concepts  and  all  of  the  ones  evolved  during  the 
last  few  years  work  on  the  potentially  large  Installation  losses. 


EARLY  VCE  CONCEPTS 


VARIABLE  PUMPING  COMPRESSOR  (V/  PCOM) 

This  concept  was  conceived  by  several  engineers  at  the  Aero  Propulsion  Lab  at  Wright  Field  around 
i960.  It  was  the  first  approach  at  trying  to  combine  the  best  features  of  the  turbojet  and  turbofan  into 
one  system.  The  concept,  shown  schematically  in  Figure  10  works  in  the  following  manner.  During 
maximum  power  and  supersonic  cruise  operation,  the  engine  is  run  as  a dual  rotor  turbojet  engine  with 
almost  all  of  the  front  compressor  flow  being  passed  through  the  core  compressor.  The  outer  bypass 
duct  is  closed  with  only  a small  leakage  flow  allowed  to  pass  through  the  duct  and  outer  noiszle.  For 
subsonic  flight  the  outer  duct  and  nozzle  are  opened  and  the  core  compressor  is  low  flowed  by  closing 
all  the  compressor  stators.  This  effectively  increases  the  bypass  ratio  from  0 to  1.0  and  converts 
the  cycle  from  a turbojet  to  a separated  flow  turbofan.  Variable  turbine  geometry  is  required  on  both 
the  high  and  low  pressure  turbines. 

While  in  theory  the  engine  approaches  an  optimum  mixed  mission  propulsion  system,  in  practice  the 
losses  associated  with  the  core  flow  modulation  negated  much  of  the  higher  operating  bypass  benefits. 
Also  weight  and  complexity  factors  detracted  from  the  overall  value  of  the  concept.  Table  1 summarizes 
the  operating  principles  and  problems  associated  with  the  concept. 


VARIABLE  PUMPING  COMPRESSOR  (VAPCOM) 
ENGINE  SCHEMATIC 


TOP  VIEW  - TURBOFAN  MODE  ( LOW  FLOWED  CORE  , MAX  DUCT  FLOW  ) 


Figure  10 


TABLE  1 
VAPCOM 

VARIABLE  PUMPING  COMPRESSOR 

f Vary  Bypass  from  0 - 1 by  Compressor  Stator  Closure 

- Variable  Turbines  Required 

e Variable  Stator  Fan  Also  Used  for  Bypass  Control  and  Flow-Speed  Cplimlzatlon 
* Problems 

- Core  Compressor  Performance  with  Wide  Flow  S'.lngs 

- Overall  P/P  Drcp  with  Bypass  Increase  Minimized  SUbsonic  Improvement 

- Relatively  Complex,  Heavy  (Core  Sized  for  Full  Fan  Flow) 


This  engine  concept  was  developed  in  th**  I960  time  period  by  the  General  Electric  Company. 

It  too  was  conceived  as  a system  that  combined  the  turbojet-turbofan  features  in  one  package  but  in  an 
entirely  different  manner  than  the  VAPCOM.  Figure  11  illustrates  the  concentric  turhojet  principal 
of  the  Flex  Cycle  engine.  The  basic  flowpath  illustrated  shows  a front  fan  followed  by  a conventional 
core  engine.  A second  burner  is  located  in  the  bypass  duct.  The  unusual  aspect  of  the  engine  lies  in 
the  turbines  that  power  the  front  fan.  As  can  be  seen,  two  separate  turbine  systems  are  located  on 
the  fan  shaft.  The  first  fan  turbine  located  behind  the  core  turbine  supplies  part  of  the  energy  needed 
to  drive  the  fan.  The  large  aft  turbine  - the  critical  component  of  the  engine  - supplies  the  remaining 
fan  energy.  The  energy  split  is  a function  of  the  cycle  parameters  and  operating  flight  condition. 

The  engine  is  run  in  the  turbojet  mode  with  the  outer  duct  burner  turned  on.  For  low  flight  Mach 
numbers  both  the  outer  and  inner  burners  are  on  for  maximum  performance.  As  flight  Mach  number 
increases  the  core  engine  can  be  effectively  slowed  down  to  minimize  compressor  discharge  temperature, 
while  the  front  fan  is  run  at  full  speed  to  maximize  supersonic  flow.  The  duct  burner  and  aft  turbine 
supply  most  of  the  energy  for  supersonic  flight.  The  ability  to  keep  the  fan  at  full  speed  while  the 
core  is  slowed  down  permits  the  cycle  to  have  a very  high  overall  pressure  ratio  for  subsonic  flight 
while  not  incurring  high  compressor  discharge  temperatures  during  supersonic  flight. 

The  turbofan  mode  of  the  engine  results  when  the  duct  burner  is  shut  off  and  the  main  burner  alone 
produces  energy  for  the  entire  compression  system.  A static  pressure  balance  occurs  in  front  of  the 
aft  turbine  and  basically  mixed  flow  exhaust  properties  result. 

Even  with  the  duct  burner  off,  the  basic  cycle  operation  requires  the  aft  turbine  to  still  supply  a 
relatively  high  percentage  of  the  horsepower  needed  to  drive  the  fan.  It  is  this  dry  mode  of  operation 
where  radical  swings  in  turbine  energy,  corrected  speed  and  turbine  flow  function  occur.  In  past 
studies,  the  large  changes  in  turbine  energy  and  their  accompanying  exit  swirl  swings  and  losses  have 
proven  to  overcome  all  the  apparent  subsonic  advantages  of  the  system  resulting  in  no  net  system  payoff. 
Also,  the  engine  is  relatively  low  in  supersonic  specific  thrust  unless  configured  with  an  afterburner. 

The  two  burner  configuration  shown  is  already  complex  and  heavy  and  the  addition  of  another  burner 
system  would  only  add  more  complexity.  Table  2 summarizes  the  operating  characteristics  and 
problems  associated  with  this  concept.  This  type  of  concept  would  be  applicable  to  higher  cruise  Mach 
numbers, 

FLEX  crCLE  SCHEMATIC 


. OUTER  BURNER  ON  -CONCENTRIC  TJ  MODE-MAX  POWER 
. OUTER  BURNER  OFF-  MIXED  FLOW  TF  MODE 


Figure  11 


TABLE  2 
FLEX  CYCLE 

o Originally  Studied  In  Early  M3. 0 SST  Work  (Called  Composite  Cyclel 

o Two  Modes  of  Operation 

- Concentric  Turbojets  with  Outer  Burner  - On 

- Mixed  Flow  Turbofan  with  Outer  Burner  • Off 

o This  VCE  Overall  PR  Trends  in  Right  Direction 

- Hiqh  for  Subsonic 

- Reduced  for  Supersonic  (Core  Slows  Dowm 
o Problems 

• Aft  Turbine  Aerodynamics 

- Low  Specific  Thrust  Unless  A/B  Is  Added 

- Complex,  Heavy  (Weight  Increase  Offset  Cycle  Improvements) 


TURBO  AUGMENTED  CYCLE  ENGINE  (TACE) 


A true  marriage  of  the  turbofan  and  turbojet  occurs  with  the  Turbo  Augmented  Cycle  Engine.  As 
shown  in  Figure  12  this  engine  is  composed  of  two  engines  in  series,  a turbofan  and  a turbojet,  A com- 
plete turbofan  engine  is  available  for  use  during  subsonic  flight.  In  this  mode  the  bypass  and  core 
streams  of  the  turbofan  mix  together  and  exhaust  through  a common  nozzle,  The  aft  turbojet  is  not 
in  operation  for  normal  subsonic  cruise  and  the  pressure  loss  in  the  fan  stream  should  be  lower  than 
with  augmented  flameholder s.  For  maximum  power  and  supersonic  flight  the  turbofan  bypass  flow  is 
diverted  into  a duct  that  feeds  the  aft  turbojet  engine.  This  supercharged  mode  of  operation  results  in 
the  turbojet  becoming  a very  efficient  augmentor  for  the  fan  duct  flow. 

While  the  system  is  derived  from  two  well  proven  engine  concepts  it  does  have  several  drawbacks. 
One  is  the  overall,  weight  of  the  total  propulsion  system.  Another  is  the  lack  of  specific  thrust  potential 
for  non-augmented  versions  of  the  engine.  Addition  of  an  afterburner  to  the  turbojet  and  possibly  a 
duct  burner  to  the  mixed  exhaust  of  the  front  turbofan  would  make  the  system  competitive  on  a thrust 
basis  but  would  magnify  the  overall  maintenance  and  servicing  problems.  Table  3 summarizes  the 
characteristics  of  the  TACE  concept. 

TURBO  AUGMENTED  CYCLE  ENGINE 
(TACE)  SCHEMA'TC 


TOP  VIEW  - TURBOFAN  ONLY  MODE  (AFT  TJ  OFF)  - SUBSONIC 


BOTTOM  VIEW  - COMBINED  MODE  (AFT  TJ  ON)  - MAX  POWER/SUPERSONIC 


Figure  12 


TABU  3 

TURBO  AUGMENTED  CYCLE  ENGINE  (TACE) 


o Basically  2 Engines 

• Turbofan  for  Subsonic  - TJ  Shut  Off 

- Turbofan  Used  as  an  Augmentor  for  Bypass  Flow 

--  Supercharged  by  Fan 

o Problems 

- Primarily  Weight  and  Configuration 

- low  Specific  Thrust  at  High  T2  Levels  Unless  A/B  Is  Added 

-•  Core  Flow  from  TF  Might  Need  an  Augmentor  Also 


The  preceding  three  concepts  were  all  attempts  at  trying  to  combine  the  turbojet  and  turbofan  In 
one  acceptable  package.  Either  some  component  proved  to  have  extreme  aerodynamic  or  mechanical 
problems  or  the  weight  and  complexity  of  the  system  overcame  whatever  cycle  advantages  was  initially 
prosent.  While  a true  turbojet/turbofan  mode  change  is  probably  not  achievable  in  a viable  system, 
present  VCE  studies  are  indicating  that  advancements  can  be  made  over  todays  existing  engines. 


MODULATING  BYPASS  VCE  CONCEPT 


The  Modulating  Bypaaa  (MOBY)  cycle  wa*  developed  in  the  1973  time  period  in  response  to  the  U.  S, 
Air  Force's  request  for  engine  concepts  that  addressed  the  problems  of  throttle  dependent  installation 
losses.  Figure  13  illustrates  the  initial  cycle  concept  which  is  fundamentally  a separated  flow  duct 
burning  turbofan  cycle  configured  as  a three  spool  engine.  The  unique  aspect  of  the  configuration  is 
found  in  the  fan  system.  As  can  be  seen,  the  fan  is  divided  into  two  sections,  each  being  on  a separate 
shaft  with  a bypass  duct  located  between  them.  Downstream  of  the  second  fan  section  is  a conventional 
core  engine  and  second  bypass  duct.  A duct  burner  is  located  in  this  duct  to  provide  thrust  for 
acceleration  and  supersonic  flight. 

For  maximum  power  and  supersonic  flight  the  engine  runs  as  a standard  duct  burning  turbofan. 
Almost  all  the  front  fan  section  flow  is  passed  through  the  second  fan  section  and  then  divided  between 
the  second  bypass  duct  and  core.  A small  leakage  flow  goes  into  the  outer  bypass  duct  and  out  the 
outer  nozzle. 

For  part  power  subsonic  conditions  the  front  fan  operating  mode  is  set  to  perfectly  match  the  inlet 
requirement.  This  airflow  match  is  held  while  thrust  is  varied  by  reducing  the  second  and  third  spool 
speeds.  Turbine  temperature  is  reduced  at  an  optimum  rate  by  utilizing  the  variable  turbine  systems. 
With  this  mode  of  operation  overall  bypass  ratio  increases  markedly  since  flow  rejected  by  the  second 
fan  section  now  goes  into  the  bypass  duct  located  between  the  fan  sections.  Also,  overall  fan  pressure 
ratio  reduces  to  more  optimum  levels  for  subsonic  flight.  Matched  inlet  flow  can  be  maintained  down 
to  50%  dry  thrust  without  any  sacrifice  in  uninstalled  SFC.  Additional  installed  advantages  occur  since 
constant  airflow  thrust  modulation  results  in  more  open  nozzle  settings  that  reduce  aft  end  closure  drag. 

While  this  concept  did  effectively  work  on  installation  losses  its  overall  complexity  (three  rotors, 
three  nozzles,  three  variable  turbines  and  two  bypass  ducts)  was  too  great  for  serious  consideration  as 
a practical  propulsion  system.  Also,  since  the  basic  concept  was  that  of  a separated  flow  turbofan, 
the  resultant  specific  thrust  potential  was  not  as  high  as  competitive  mixed  flow  fan  systems.  Table  4 
summarizes  the  MOBY  concept. 

MODULATING  BYPASS  (MOBY) 

ENGINE  SCHEMATIC 

3 Spool  Double  Bypass 

TOP  VIEW-SUBSONIC-PART  POWER  (MAX  OUTER  DUCT  FLOW) 


Figure  13 
TABLE  4 

MODULATING  BYPASS  VCE  CONCEPT 


o Conceived  as  Inlet  Matching  Concept  to  Minimize  Installation  losses 


o Concept  Operation 


Max  Power  Mode 
Part  Power  Subsonic 


- Runs  as  a Standard  Duct  Burning  Turbolan 
* 2nd  Spool  & Core  RPM's  Reduced.  T4  Drops 

- Overall  Bypass  Increases,  Fan  PR  & Overall  PR  Drop 

- Basically  Thrust  Is  Varied  with  P&T,  Not 

- Inlet  Stays  Matched,  Afterbody  losses  Reduced 


o Problems  - Weight  & Complexity  (3  Nozzles,  3 Spools) 
- Relatively  low  Specltlc  Thrust  levels 


SYSTEM  PAYOFF  FOR  VCE'S 


It  is  possible  that  the  improved  performance  over  the  complete  flight  map  may  be  more  than  offset  by 
the  additional  weight  and  cost  of  the  system.  Figure  14  shows  where  a system  payoff  can  be  obtained  by 
an  improvement  in  subsonic  fuel  consumption  versus  an  increase  in  engine  weight.  The  fighter  bomber 
with  a fuel  usage  assumption  of  50/50  subsonic  supersonic  used  mixed  mission  allows  the  largest  engine 
weight  increase  of  all  types  mission.  It  shows  that  past  variable  cycle  concepts  weight  increases  were 
more  than  offset  by  the  fuel  consumption  improvements.  We  can  conclude,  therefore,  that  the  variable 
cycle  engines  to  pay  off  must  be  relatively  light  or  simple.  Such  types  of  engines  have  been  identified 
and  are  currently  being  studied. 


BREAK  EVEN  RELATIONSHIPS  BETWEEN  ENGINE  WEIGHT 
INCREASE  AND  FUEL  WEIGHT  DECREASE  FOR 
VARIOUS  AIRCF  FTS 


Percent 

Engine 

Weight 

Increase 

Over 

Fixed 

Cycle 


Percent  Subsonic  SFC  Reduction  Over  Fixed  Cycle 
Figure  14 


ADDITIONAL  ADVANTAGES  OF  VARIABLE  CYCLE  ENGINES 


For  conventional  turbofan  engines  compromises  must  be  made  in  the  selection  of  engine  control 
areas  (low  pressure  turbine,  bypass  duct  areas,  etc. ) to  allow  engine  operation  over  a wide  range  of 
flight  Mach  numbers.  Normally,  these  areas  are  set  to  give  near  maximum  performance  at  an 
expected  key  flight  condition  with  operation  at  other  flight  points  being  somewhat  poorer  than  a re- 
optimized engine  could  produce.  These  performance  losses  become  more  pronounced  as  the  engine 
flight  envelope  is  extended  to  higher  Mach,  higher  altitude  conditions. 

Variable  cycle  engines  that  can  adjust  the  engine  control  areas  to  suit  each  fl;ght:  condition  can  show 
performance  gains  over  conventional  engines  during  off  desig.i  conditions.  Better  inlet  airflow  matching 
at  higher  flight  Mach  numbers  is  one  result  of  this.  Also,  the  effect  of  engine  bleed  and  horsepower 
extraction  can  be  minimized  by  rescheduling  duct  and  turbine  areas.  This  becomes  especially  important 
at  high  altitude  conditions.  The  effect  of  off- standard  day  operation  can  be  better  accommodated  by 
using  these  variable  area  devices  to  keep  spool  speeds  and  operating  lines  at  more  optimum  settings. 

Of  equal  importance  will  be  the  ability  to  recoup  some  of  the  performance  losses  that  result  from  com- 
ponent deterioration.  Original  spool  speed  matches  can  be  maintained  by  rescheduling  turbine  and 
duct  areas, 

A unique  feature  of  the  VCE's  currently  under  study  is  their  ability  to  supply  large  amounts  of 
pressurized  air  for  special  purpose  such  as  quiet,  short  take-off  and  landing  and  lift  enhancement.  Also, 
the  great  degree  of  flow  control  offered  by  the  variable  geometry  engine  features  can  lead  to  more 
simplified  inlet  and  exhaust  systems. 

It  is  quite  probable  therefore  that  once  payoff  has  been  established  in  the  basic  mission  variable 
cycles  can  have  even  additional  payoffs  some  of  which  are  not  now  identified.  Jus.  as  variable  compressor 
stators  were  used  to  extend  engine  operation  in  rather  specialized  cases,  such  as  hot  gas  re-ingestlon 
during  thrust  reverser  o«  gun  gas  ingestion  during  gun  fire  on  fighters,  the  variable  cycle  features  will 
extend  thu  capabilities  of  the  system. 


CONCLUSIONS 


In  conclusion,  we  find  that  although  it  is  theoretically  desirable  to  have  an  engine  system  that  can 
operate  in  substantially  wide  variations  of  cycle  conditions,  there  are  practical  limitations  to  what 
extent  this  can  be  accomplished.  We  find  that  installation  effects,  mission  sizing  effects,  component 
complexity  and  off  design  operation,  as  well  as  weight,  all  place  limitations  there-on  to  the  degree 
of  flexibility  that  can  be  achieved  in  an  installed  engine.  We  find  that  practical  attractive  variable 
cycle  engines  may  now  be  possible  and  the  secret  to  this  practical  variable  cycle  engine  is  simplicity. 
Simple  variable  cycle  engines  have  been  identified  and  are  currently  under  study  and  development. 

The  next  generation  of  engines  for  multi-mission  use  could  very  well  be  variable  cycle  engines  if 
their  increased  weight,  complexity  and  cost  are  more  than  offset  by  reduced  airplane  size,  cost, 
more  flexible  practical  operation  and  greatly  reduced  fuel  usage. 


DISCUSSION 


J.F.Chevalier 

Dans  vos  trois  moteurs,  vous  avez  on  supersonique  le  diametre  du  moteur  fine  par  le  debit  masse  au  decollage,  done 
un  grande  trainee.  Avez-vous  des  projets  ou  l’encombrement  est  reduit  en  supersonique? 

Author’s  Reply 

I’m  not  sure  I’m  going  to  answer  your  question  directly.  But  I did  not  mention  one  of  the  advantages  of  the 
variable  cycle  engines  that  are  under  study  now,  that  allows  you  to  make  maximum  use  of  the  components:  in  other 
words,  with  the  fixed  cycle  engines  we  will  compromise  all  of  the  areas  to  give  us  a rather  average  performance  over 
the  flight  map.  By  putting  in  these  variabilities  we  now  can  improve  even  the  supersonic  performance.  In  my  paper 
I really  concentrated  on  subsonic  because  we  do  compromise  the  high  supersonic  by  matching  our  engine  at  a lower 
Mach  number,  but  indeed  there  are  pays-off  in  supersonic  performance  too. 

You  mentioned  that  we  do  penalise  the  engine,  I believe,  because  it  may  have  a larger  diameter.  Yes.  we  try  to  do  a 
very  honest  evaluation.  We  do  not  want  to  change  technologies  when  going  from  a conventional  engine  to  a variable 
cycle  engine.  And  l have  to  admit  that  in  our  studies  by  everything  we  have  learned  on  variable  cycle  engines,  we 
found  we  have  also  been  able  to  improve  conventional  engines.  So  they  are  catching  up. 


J.F.Chevalier 

Je  suis  Vout-a-fait  d’accord  avec  votre  derniere  phrase:  il  faut  chaque  fois  que  1’on  a fait  un  progres  dans  les  moteurs 
a cycle  variable,  introduce  ce  progres  technologique  dans  un  moteur  classique  pour  voir  si  Ton  ’auiait  pas  le  meme 
resultat. 

Author’s  Reply 

However,  I would  like  to  say,  just  in  terms  of  amusement,  I find  now  that  my  cycle  designers  tell  me  that  it  is  more 
difficult  for  them  to  design  a fixed  cycle  engine  because  they  now  have  to  figure  out  where  to  fix  it.  It  is  much 
easier  with  a variable  cycle  engine. 
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SUMMARY 

Economic  and  environmental  incentives  imposed  by  future  fuel  conservation  needs  have  created  a resurgence  of  interest  in  the 
study  of  very  high  efficiency  aircraft  engine  cycles.  The  effects  of  projected  gas  turbine  technological  progress,  unconventional  thermo- 
dynamic processes  and  advanced  propulsion  devices  are  assessed  in  terms  of  their  fuel  savings  potential.  The  operating  characteristics  of 
two  selected  propulsion  systems  - an  advanced  turbofan  and  a turboprop  engine  - are  projected  and  compared  at  points  along  a trans- 
port flight  profile.  The  applicability  of  engine  component  geometry  variation  to  improve  propulsion  system  efficiency  is  also  reviewed. 


1.0  INTRODUCTION 

The  aircraft  industry  has  always  strived  to  provide  the  airlines  with  high  efficiency,  economical  transport  aircraft.  Following  the 
introduction  of  the  first  turbojet  engines  into  commercial  service,  fuel  consumption  has  been  reduced  by  30  percent  as  the  result  of  the 
normal  evolution  of  technology.  However,  with  the  advent  of  the  energy  crisis  earlier  in  this  decade,  industry  emphasis  to  further  re- 
duce fuel  consumption  and  lower  operating  costs  was  increased. 

Under  NASA  sponsorship,  studies  have  been  conducted  to  find  ways  of  reducing  fuel  consumption  in  both  current  and  future  air- 
craft engines.  This  paper  summarizes  a propulsion  feasibility  study  aimed  at  evaluating  fuel  conservative  concepts  that  might  be  appli- 
cable to  future  commercial  air  transport  engines. 

As  a result  of  these  studies,  it  is  apparent  that  substantial  reductions  in  gas  turbine  fuel  consumption  can  be  realized  through  the 
development  of  turbofan  technology.  The  technology  necessary  to  achieve  these  reductions  was  identified  under  NASA  Contract 
NAS3-19132.  This  technology  was  then  used  as  the  baseline  for  the  study  of  unconventional  propulsion  systems  to  achieve  further  fuel 
savings.  This  study,  in  turn,  resulted  in  the  identification  of  a turboprop  utilizing  an  advanced,  highly  efficient  propeller  as  a possible 
future  contender  to  the  conventional  turbofan. 

In  the  following  sections  of  this  paper  the  turbofan  engine  and  the  unconventional  engine  possibilities  arc  reviewed.  The  advanced 
turbofan  and  turboprop  cycles  are  compared  with  the  current  turbofan  in  both  domestic  and  international  flight  service  to  assess  the 
fuel  conservation  possibilities  with  the  two  systems. 

Because  of  the  continuing  and  wide  industry  and  Government  interest  in  this  subject,  much  of  the  material  contained  in  this  paper 
has  been  disseminated  to  the  technical  community  via  several  technical  papers  and  formal  reports  (1-5)*. 

2.0  ADVANCED  FUEL  CONSERVATIVE  CONVENTIONAL  TURBOFAN 

P.;e  major  factor  that  influences  the  fuel  savings  potential  of  aircraft  gas  turbine  engines  is  installed  cruise  TSFC.  A reduction  in 
TSFC  produces  a direct  reduction  in  aircraft  fuel  load  for  a given  flight  time  as  well  as  an  indirect  reduction  realized  by  the  lower  engine 
thrust  required  to  propel  the  lighter  airplane.  From  the  time  the  first  Pratt  & Whitney  Aircraft  JT3  turbojet  powered  Boeing  707  was 
introduced,  engine  cruise  TSFC  has  been  reduced  by  over  30  percent  to  present  day  JT9D  turbofan  levels.  This  reduction  has  come 
about  mainly  by  cycle  improvements  permitted  by  advances  in  component  aerodynamics,  materials,  cooling,  and  structure-mechanics 
technology.  These  improvements  have  given  the  engine  designer  significantly  greater  freedom  in  selecting  the  best  engine  cycle  based  on 
TSFC  considerations. 


TSFC  can  be  reduced  by  as  much  as  7-10%  in  the  future  by  utilizing  increased  core  engine  cycle  capability  which  is  projected  for 
the  I9?0's.  Core  cycle  pressure  ratios  50%  higher  than  present  and  1 1 l-220°C  (200400°F)  higher  maximum  cycle  temperature  levels 
may  be  possible  before  material,  gas  path  sealing,  or  hot  parts  cooling  bleed  air  limits  are  reached.  A further  means  of  reducing  future  en- 
gine TSFC  lies  in  increasing  the  efficiency  of  converting  the  core  engine  power  output  to  useful  thrust  by  utilizing  the  bypass  fan  principle. 
Tlte  turbofans  of  today  represent  the  practical  application  of  the  principle.  Rather  than  converting  the  available  energy  directly  to  thrust 
in  an  exhaust  nozzle  as  in  a turbojet,  the  bypass  fan  is  used  to  accelerate  an  increased  volume  of  air  to  a slower  exhaust  speed.  In  combi- 
nation with  the  core  engine  advancements,  the  improved  propulsion  oriented  components  could  result  in  turbofan  engine  cruise  TSFC  10 
to  15  percent  lower  than  current  turbofans  by  the  1990’s  (See  Figure  I). 


Slight  additional  cruise  TSFC  reductions  are  theoretically  possible  by  altering  turbine  and  primary  exhaust  nozzle  flow  capacities 
to  increase  engine  efficiency.  During  typical  cruise  (75  percent  of  climb  thrust  rating)  and  in  the  absence  of  any  penalties  associated 
with  the  variable  geometry,  it  is  equated  that  a theoretical  reduction  of  slightly  over  I percent  in  TSFC  can  be  obtained  by  reducing 
tlie  flow  capacity  of  the  high  pressure  turbine  and  increasing  the  flow  capacity  of  the  low  pressure  turbine.  These  theoretical  improve- 
ments are  insufficient  to  justify  the  added  complexity  of  the  variable  geometry  features  hi  the  engine.  For  example,  with  variable  stagger 


♦Numbers  in  parentheses  designate  References  at  end  of  paper. 


turbine  vanes,  leakage  is  inevitable  around  the  movable  vanes.  If  even  a one  percentage  point  efficiency  penalty  is  assumed  in  each  tur- 
bine, all  of  the  theoretical  TSFC  benefit  is  lost.  Based  on  testing  to  date,  this  efficiency  penalty  is  believed  to  be  extremely  optimistic. 
Therefore,  the  addition  of  variable  turbines  to  improve  the  cruise  performance  of  future  subsonic  transport  turbofans  would  appear  to  be 
unwarranted. 


3.0  ALTERNATE  FUEL  CONSERVATIVE  PROPULSION  SYSTEM  POSSIBILITIES 

Numerous  variants  of  the  conventional  turbofan  cycle  have  been  studied  in  the  past  in  an  effort  to  maximize  efficiency  within  the 
state-of-the-art.  As  part  of  the  present  studies,  the  technology  of  these  variants  was  projected  to  the  1990’s,  consistent  with  the  base- 
line turbofan,  to  examine  the  possibility  of  exploiting  tl.vir  energy-saving'features.  For  the  purposes  of  discussion  and  evaluation,  the 
propulsion  systems  are  separated  into  two  subsystems,  the  primary  cycle  and  the  propulscr.  To  provide  a common  basis  for  under- 
standing, Figure  2 shows  schematically  the  components  which  are  included  in  each  subsystem. 

3.1  Advanced  Alternate  Primary  Cycles 

Numerous  alternatives  to  the  Brayton  cy  cle  have  been  studied  in  the  past  in  an  attempt  to  improve  thermal  efficiency.  Principal 
concepts  include  use  of  internal  cycle  heat  exchange,  non-steady  flow  primary  combustion,  and  cycle  compounding.  Engines  have  been 
build  and  successfully  run  utilizing  these  concepts.  The  possibility  of  exploiting  unconventional  cycles  to  conserve  energy  in  the  future 
was  reviewed  as  part  of  this  evaluation.  Results  are  summarized  in  the  following  paragraphs. 


Internal  Cycle  Heat  Exchange  - Thermal  efficiency  of  the  primary  cycle  can  be  increased  by  raising  the  average  temperature  of 
external  heat  addition  or  by  reducing  the  average  temperature  of  heat  rejection.  A practical  method  of  internal  cycle  heat  exchange 
which  accomplishes  both  of  these  is  regeneration.  Waste  heat  is  extracted  from  the  turbine  exhaust  gases  and  transferred  to  air  entering 
the  combustor  which  reduces  the  amount  of  fuel  needed  to  achieve  a given  combustor  exit  temperature  level.  This  concept  is  shown 
schematically  together  with  a temperature  - entropy  Brayton  cycle  diagram  in  Figure  3.  Heat  extracted  from  the  turbine  discharge 
(Station  4)  reduces  the  exhaust  temperature  to  the  level  of  Station  2,  if  complete  heat  transfer  is  accomplished,  and  preheats  the  com- 
bustor air  to  the  Station  4 level.  Fuel  is  then  burned  to  further  increase  the  temperature  from  the  station  2a  level  rather  than  the  custo- 
mary station  2 value  to  the  desired  Station  3 level.  Regeneration  is  useful  up  to  the  threshold  cycle  pressure  ratio  corresponding  to 
equal  compressor  discharge  and  turbine  discharge  temperatures  where  the  thermal  efficiency  equals  that  of  the  simple  Brayton  cycle. 

Ideal  regenerative  gas  turbine  cycle  performance  was  estimated  and  is  compared  with  advanced  technology  simple  Brayton  cycles 
in  Figure  4.  As  cycle  pressure  ratio  is  reduced  below  the  threshold,  at  the  example  cruise  condition,  regenerative  cycle  thermal  effi- 
ciency improves  steadily  until  tile  cycle  pressure  ratio  approaches  a value  of  5 or  10  whore  the  thermal  efficiency  peaks  out  and  then 
rapidly  drops. 

Regeneration  is  more  effective  in  Improving  thermal  efficiency  at  high  combustor  exit  temperature  levels  and  correspondingly 
higher  turbine  discharge  gas  temperatures.  The  average  temperature  of  external  heat  addition  increases  as  the  threshold  pressure  ratio 
increases.  Therefore,  the  regenerative  cycle  can  be  expected  to  require  a higher  combustor  exit  temperature  than  the  corresponding 
simple  Brayton  cycle  to  maximize  thermal  efficiency. 

The  discussion  so  far  has  been  based  on  ideal  reversible  heat  exchange  processes.  Irreversibilities  affect  both  the  cycle  choice  and 
the  benefit  of  regeneration.  If  less  than  complete  iieat  transfer  is  achieved,  for  example,  thermal  efficiency  trends  change  as  shown  on 
Figure  5.  For  the  |760°C  (3200°F)  temperature  level  example,  a regenerator  effectiveness  of  roughly  70  percent  would  appear  necessary 
in  a 1 990’s  gas  turbine,  with  a cycle  pressure  ratio  of  20: 1 , to  match  the  performance  of  the  simple  Brayton  cycle  witli  a 45 : 1 pressure  ratio. 

in  arriving  at  a definition  of  a technologically  possible  future  regenerator,  several  regenerative  techniques  were  explored.  In  each 
ease,  an  air-to-gas  heat  exchanger  located  behind  the  turbine  last  stage  was  selected  as  the  most  practical  arrangement.  The  location  of  the 
regenerator  was  based  on  ducting  requirements.  A simpler  system  resulted  by  ducting  the  higher  density  compressor  air  rearward  to  the 
heat  exclianger  and  forward  to  the  burner,  than  by  ducting  the  hot,  lowei  density  turbine  gases  in  a reverse  fashion.  Other  intermediary 
working  fluids  - such  as  liquid  metal  - to  transfer  heat  from  the  turbine  to  the  combustion  region  were  considered  and  discarded  because 
of  large  weight  penalties. 

Several  air-to-gas  heat  exchangers  were  analyzed  leading  to  the  selection  of  a stationary,  plate-fin  ceuuterflow  matrix  arrangement. 
Rotary  regenerators,  with  wire  screens  or  ceramic  matrices,  were  also  considered  together  with  2 pass,  cross-counterflow  tubular  station- 
ary recuperators.  Although  the  recuperators  were  heavier  than  the  rotory  devices,  they  were  more  compact,  presented  fewer  leakage 
paths,  required  no  carryover  of  trapped  gas  flow  between  the  two  streams,  and  were  simpler  in  construction.  Of  the  two  recuperators 
evaluated,  the  plate-fin  solution  was  selected  because  of  a significantly  lower  matrix  and  total  recuperator  weight  requirement  based  on 
equal  overall  performance. 

Evaluation  of  the  platofln  recuperator  in  context  with  nacelle  geometry  envelope  constrainsts  resulted  in  the  modular  concept  witli 
eight  identical  heat  exchangers  as  shown  in  Figure  6.  A hot  gas  approach  Mach  number  of  0.2  provided  a heat  exchanger  frontal  area 
which  required  a Iieat  exchanger  heigtit  less  than  tiiat  of  the  rear  turbine  flange  diameter  and  tne  width  exceeded  the  turbine  rear  flange 
diameter  by  55.9  cm  (22  inches).  The  additional  nacelle  interior  volume  was  used  to  advantage  in  providing  regions  for  ducting  the  com- 
pressor air  to  and  from  the  recuperator.  A frictional  pressure  loss  of  14.6  percent  was  estimated  in  turning  the  hot-gases  into  ttie  iieat 
exchanger  core,  proceeding  through  the  core,  and  turning  axially  out  the  exhaust  nozzle.  A total  pressure  loss  of  4.9  percent  was  esti- 
mated for  the  cold  air  in  flowing  through  the  headers  and  core.  These  high  pressure  losses  were  conierbatanccd  by  a high  effectiveness 
level  of  0.90.  Lower  effectiveness  level  designs  were  evaluated  which,  in  spite  of  lower  pressure  tosses,  provided  equal  thermal  effici- 
ency when  considering  the  combined  effects  of  pressure  losses  and  regenerator  effectiveness.  Witli  ttiese  designs,  llie  desired  engine 
nacelle  allowances  were  greatly  exceeded.  Thus,  only  the  0.90  effectiveness  regenerator  was  retained  for  further  evaluation. 

't  heoretical  evaluations,  such  as  in  reference  6,  have  shown  a thermal  efficiency  advantage  by  combining  other  heal  exchange 
processes  witli  regeneration.  Compressor  intercooting,  i.e..  extracting  heat  from  mid-compressor  air,  can  theoretically  supplement 
regeneration  to  provide  up  to  an  additional  3 percentage  points  in  thermal  efficiency  in  the  absence  of  additional  frictional  tosses  or 


, . - , — - — ii.viv  niwi  itviv  kuimucreu  anu  me  auemaic  concept  was  evaluated.  Parasitic  pressure 

losses  in  the  intercooler  ducting  and  heat  exchanger  negated  theoretical  thermodynamic  gains.  Therefore,  the  simpler  system  of  in- 
ternal heat  exchange,  regeneration,  was  found  to  have  the  greater  potential  for  conserving  fuel  in  aircraft  engines. 

Non-Steady  Flow  Primary  Combustion  - In  addition  to  heat  exchange  within  the  gas  turbine,  direct  substitution  of  altcr- 
nate  processes  has  been  considered  in  die  past.  Of  particular  non  ;>  iho  substitution  of  an  intermittent-flow,  constant  volume  pro- 
cess combustion  in  place  of  the  standard  steady-flow,  nearly  constant  pressure  process.  Temperature  entropy  diagrams  arc  com- 
pared for  the  two  cycles  on  Figure  7.  The  thermal  efficiency  advantage  of  constant  volume  combustion  lies  in  the  smaller  entropy 
change  during  combustion  (heat  addition)  and  heat  rejection  which  results  in  a lower  average  temperature  of  external  heat  rejection. 

A comprehensive  study  of  the  constant  volume  combustion  process  (7)  analytically  examined  several  combustion  processes  as  re- 
lated to  feasible  concepts  involving  constant  cross-sectional  area  combustion  rubes  with  valves  at  each  end.  As  airflow  proceeds  through 
the  tube,  the  outlet  valve  closes  first,  creating  a hammer  shock  which  propogates  upstream  to  the  tube  inlet.  The  inlet  valve  is  timed 
to  close  as  the  shock  reaches  its  location  reflecting  the  shock  wave  and  causing  a substantial  increase  in  pressure  level.  Based  on  this 
evaluation,  a 2 to  4 percent  improvement  in  engine  performance  may  be  possible  relative  to  a constant  pressure  combustor  assuming  a 
20  percent  pressure  increase  during  combustion.  In  several  independent  test  attempts  to  demonstrate  constant  volume  combustion,  the 
net  pressure  rise  was  limited  to  a few  percent  by  valving  dynamics.  Mechanically,  the  non-steady  combustor  would  substantially  in- 
crease the  engine  complexity.  Special  ignition  and  fuel  injection  systems  would  be  required  together  with  the  possible  addition  of 
extra  bearings  and  a gear  drive  system.  The  application  of  constant  volume  combustion  to  future  powerplants  awaits  an  inventive  con- 
cept which  can  demonstrate  the  performance  potential  with  reliability  and  economy  in  the  restrictive  influence  of  the  surrounding  turbo- 
machinery. 

Cycle  Compounding  - Tire  examination  of  the  substitution  of  individual  new  processes  within  the  general  Bray  ton  cycle  concept 
leads  naturally  to  the  possibility  of  combining  the  Brayton  cycle  with  other  non-steady  cyclic  engines  (8).  For  example,  the  use  of  an 
intermittent  combustion  cycle  in  place  of  the  gas  turbine  burner  can  provide  the  efficiency  benefits  of  the  very  high  pressure  and  tem- 
perature levels  achievable  in  this  cycle  with  the  large  power  output  capability  of  the  gas  turbine.  A notable  example  of  this  cycle  is  the 
Napier  Nomad  Compound  Diesel  Engine.  To  date,  this  engine,  shown  in  Figure  8,  has  demonstrated  a higher  level  of  thermal  efficiency 
than  any  other  aircraft  powerplanl.  This  is  remarkable  considering  that  this  engine  was  flight  tested  in  1954.  On  an  equal  output  power 
basis,  the  Napier  Nomad  weighed  approximately  2 to  3 times  more  than  smaller  first  generation  turboshaft  engines  while  providing  one 
third  higher  thermal  efficiency.  Recent  studies  indicate  that  this  weight  difference  could  not  be  significantly  narrowed  by  proper  selec- 
tion of  the  pressure  ratio  of  an  advanced  technology  compressor  and  a modern  rotary  engine  (9).  Improvements  in  thermal  efficiency 
could  also  be  obtained  by  utilizing  advanced  technology  turbomachinery  and  by  insulating  the  rotary  engine  to  limit  the  heat  loss  to  10 
or  15  percent  of  the  external  heat  input.  By  the  I990’s,  it  is  possible  that  the  rotary  engine,  compressor,  and  turbine  technologies  will 
advance  to  the  point  where  a compound  cycle  thermal  efficiency  10  or  1 5 percent  greater  than  the  Napier  Nomad  level  would  be 
possible. 

A composite  thermal  efficiency  comparison  of  the  Brayton,  regenerative,  imd  compound  cycles  is  presented  on  Figure  9.  Regenera- 
tive gas  turbines  and  advanced  compound  gas  turbines  with  projected  1985  technology  levels  can  provide  thermal  efficiency  levels  similar 
to  the  simple  gas  turbine  cycle.  The  regenerative  gas  turbine,  efficient  at  low  cycle  pressure  ratios,  requires  up  to  a 222°  C (400°  F)  liighcr 
combustor  exit  temperature  capability  along  with  the  added  major  engine  element  of  a heat  exchanger  to  equal  the  performance  of  a 
higher  pressure  ratio  simple  gas  turbine.  The  very  high  pressure  ratio  compound  cycle  requires  the  complexity  of  the  non-steady  flow 
engine  cycle.  Of  the  three  concepts,  the  advanced  simple  gas  turbine  cycle  has  the  greatest  potential  for  increasing  thermal  efficiency 
with  low  weight,  low  cost,  and  high  reliability  needed  for  air  transport  applications. 

3.2  Advanced  Fuel  Conservative  Propulsor  Possibilities 

Efficient  conversion  of  available  power  into  useful  thrust  shares  equal  importance  with  efficient  power  generation  in  conserving 
fuel.  Thrust  output  theoretically  can  be  increased  by  minimizing  the  air  velocity  increase  induced  by  a propulsor  disk  for  a given 
amount  of  available  power.  Since  thrust  output  is  proportional  to  the  product  of  the  air  mass  flow  rate  and  the  velocity  increase  through 
the  propulsor.  propulsor  diameter  must  be  increased  proportionally  with  the  square  root  of  the  mass  flow  rate  to  produce  the  higher 
thrust. 

Trends  of  propulsor  diameter  and  ideal  thrust  capability,  shown  as  propulsive  efficiency,  were  derived  for  a series  of  possible  pro- 
pulsors  as  shown  in  Figure  10.  The  calculations  assume  isentropie  thrust  conversion  processes  and  no  viscous  losses.  Turbofan  diam- 
eters include  an  allowance  for  the  fan  cowl.  Propeller  diameters  are  based  on  information  contained  in  references  1 0 and  1 1 . A large 
gap  exists  between  the  two  conventional  propulsor  diameters  in  which  a major  propulsive  efficiency  improvement  potential  exists. 

Two  possible  unconventional  propulsors  in  this  region  were  considered  - a shrouded  fan  and  an  advanced  propeller. 

The  selection  of  these  concepts  for  evaluation  was  based  on  examination  of  the  effects  of  irreversibilities  on  the  performance 
potential  of  two  conventional  propulsors  at  the  Mach  0.8  flight  speed.  Internal  engine  and  external  toss  effects  are  illustrated  in 
Figure  1 1.  The  propulsive  efficiency  of  the  advanced  turbofan  is  20  to  30  percentage  paints  below  the  ideal  over  a fan  pressure  ratio 
range  of  1.7  to  1.3.  An  additional  2 percentage  point  reduction  could  be  expected  with  197$  technology. 

Rapidly  increasing  installation  tosses  with  fan  pressure  ratio  reduction  offset  the  ideal  propulsive  efficiency  increase  for  the  con- 
ventional turbofans.  Turboprop  propulsive  efficiency  with  1950‘s  technology  propellers  Is  tower  than  the  turbofan  levels  principally 
became  of  low  propeller  efficiency  associated  with  blading  compressibility  losses.  In  an  attempt  to  utilize  a larger  percentage  of  the 
ideal  propulsion  efficiency  in  the  small  diameter  range,  the  benefits  of  reducing  low  pressure  ratio  fan  installation  losses,  and  improv- 
ing propeller  technology  relative  to  the  present  operating  levels  were  addressed. 

Shrouded  Fan  Concept  - The  three  major  factors  affecting  low  pressure  ratio  fan  propulsive  efficiency  potential  are  internal 
ducting  pressure  losses,  nozzle  losses,  and  fan  cowl  drag.  Sensitivity  of  propulsive  efficiency  to  the  three  factors  was  calculated  and  is 
shown  in  Figure  1 2.  The  propulsive  efficiency  sensitivity  to  ducting  ai'd  nozzle  losses  increases  by  a factor  of  five  or  greater  between 
the  selected  pressure  ratios  of  t .7  and  I . I . Fan  cowl  drag  could  easily  increase  by  a factor  of  4.0  between  these  fan  pressure  ratios  and 
for  conventional  nacelle  geometry  because  of  the  progressively  larger  wetted  area  associated  with  the  larger  fan  diameter.  Therefore, 
a short  thin  nacelle,  or  shroud,  would  appear  advantageous  in  utilizing  the  theoretical  fuel  savings  potential  of  tow  pressure  ratio  fans. 

A 1 . 1 pressure  ratio  fan  was  selected  to  investigate  the  fuel  savings  potential  relative  to  a 1 .7  pressure  ratio  conventional  fan.  Adiabatic 


stage  efficiency  of  the  1.1  pressure  ratio,  1 2 bladcd  fan  was  estimated  to  he  within  O.S  percent  of  the  1.7  pressure  ratio,  42  bladcd  fan. 

A cowl,  or  static  shroud,  with  a lengtli-to-maximuin  diameter  ratio  of  0.5,  less  than  one-third  the  ratio  of  the  conventional  fans,  was 
needed  with  the  1.1  pressure  ratio  fan  with  minimum  desirable  inlet  length,  bladc-to-stator  acoustic  spacing,  and  nozzle  ducting  allowances. 
The  resulting  fan  configuration,  shown  in  Figure  13,  includes  variable  pitch  fan  blades  which  are  -eded  for  thrust  reverse  during  landing 
and  wliicli  can  improve  tire  fan  stability  margin  during  take-off  operation  where  the  sliarp  lip  inlet  imposes  a highly  distorted  fan  face 
flow  field.  Relative  to  the  1 .7  pressure  ratio  fan  installation,  the  shrouded  fan  is  estimated  to  have  an  80  percent  lower  internal  parasitic 
pressure  loss  in  the  combined  inlet  and  duct,  a 0.2  percent  higher  nozzle  velocity  coefficient,  and  equal  external  fan  cowl  drag.  With 
these  differences,  the  1.1  pressure  ratio  fan  is  estimated  to  offer  up  to  a 9 percentage  point  liiglicr  propulsive  efficiency  titan  tite  1.7 
pressuie  ratio,  conventional  fan  installation. 

Advanced  Propeller  Concept  - The  primary  indicator  of  the  usefulness  of  an  unshrouded  propeller  is  propeller  efficiency  which 
directly  relates  tite  thrust  output  to  the  shaft  power  input.  The  achievement  of  high  efficiency  at  contemporary  flight  speeds  and  alti- 
tudes is  the  critical  factor  in  assessing  the  value  of  this  propuisor. 

Current  operational  propellers  exhibit  very  high  efficiency  levels  up  to  a flight  cruise  speed  of  Mach  0.65.  At  higher  flight  speeds, 
blading  compressibility  losses  increase  sharply  to  cause  tite  performance  downturn  indicated  on  Figure  14.  Thin  cross-section,  lightly 
cambered  two  bladcd  research  propellers,  tested  in  1950,  demonstrated  high  efficiency  at  the  higher  flight  speeds  (10).  Tile  thinnest 
model  had  an  80  percent  measured  efficiency  at  Mach  0.8.  However,  these  models  were  structurally  inadequate.  Their  demonstrated 
efficiency  combined  with  composite  structural  technology  form  the  basis  for  advanced  propeller  characteristic  projections  taken  from 
reference  10. 

The  two  blade  efficiency  data  were  converted  to  an  eight  blade  configuration  by  established  techniques  which  halved  propeller 
diameter.  Cruise  efficiency  was  estimated  to  be  73  percent  for  tite  smaller  diameter  eight  bladcd  propeller  using  idea!  efficiency  trends 
with  diameter  and  blade  number.  The  application  of  supercritical  blading  sections,  a contoured  nacelle  shape,  and  blade  tip  sweep  were 
each  calculated  to  improve  efficiency  by  over  two  percentage  points.  Supercritical  airfoil  improvements  were  extracted  from  limited 
published  data  of  Whitcomb  airfoils.  Wind  tunnel  tests  of  several  propeller-nacelle  model  configurations  have  shown  substantial  reduc- 
tions blading  section  compressibility  losses  through  blade  root  flow  retardation  by  increasing  nacelle  diameter.  The  high  solidity  root 
sections  of  an  eight  blade  design  could  be  expected  to  be  especially  sensitive  to  this  effect.  In  accomplishing  the  improvement,  care 
would  have  to  be  taken  to  avoid  high  nacelle  drags.  Limited  aerodynamic  theory  indicates  that  sweep  should  be  useful  at  the  blade  tips 
where  the  relative  velocity  is  slightly  supersonic,  if  all  the  indicated  aerodynamic  advances  were  achieved  at  the  Mach  0.8  cruise  speed, 
tire  projected  eight  bladcd  propeller  efficiency  would  be  80  percent.  Tite  achievement  of  this  propeller  efficiency  translates  into  a cruise 
propulsive  efficiency  level  14  percentage  points  higher  than  a 1.7  pressure  ratio  conventional  fan  taking  into  accouut  the  propuisor  ef- 
ficiencies, internal  ducting  losses,  md  fan  cowl  drag. 

In  reference  11,  modem  spar  and  shell  blade  construction  consisting  of  a flattened  metal  tube  spar,  a composite  airfoil  shell  and 
a titanium  leading  edge  sheath  for  foreign  object  damage  and  erosion  protection,  is  projected  to  meet  the  aerodynamic  requirements 
with  structural  adequacy.  Uncontained  blade  fragmentation,  of  obvious  concern  to  the  operator,  is  not  considered  to  be  a major 
problem,  according  to  the  manufacturer,  based  on  the  fifty  million  hours  of  turboprop  operation  without  a single  in-flight  blade  frag- 
ment separation. 

An  advanced  propeller  was  selected  for  consideration  with  major  characteristics  as  shown  in  Figure  15.  The  combination  of  multi* 
blading  and  small  diameter  should  ease  the  mount  stiffness  and  nacelle  length  requirements  ami  provide  more  freedom  in  engine  position- 
ing within  fuselage  and  ground  to  blade  tip  clearance  constraints. 

3.3  Installed  Advanced  Propublun  Systems 

Installation  studies  were  carried  out  for  the  turbofan,  shrouded  fan,  and  turboprop  propulsion  systems  to  detennine  the  relative 
installed  cruise  propulsive  efficiency.  Advanced  gas  generators  with  high  cycle  pressure  ratios  and  high  maximum  combustor  exit 
temperature  levels  were  selected  to  provide  near  maximum  thermal  efficiency. 

The  turbotan  gas  generator  maximum  combustor  exit  temperature  was  set  1 1 IT  (20tf  f)  tower  than  the  turboaitaft  engine  eyrie  used 
to  drive  the  advanced  propeller  or  the  shrouded  fan.  The  lower  temperature.  5 stage  fan  drive  turbine  provided  sufficient  work  output  at 
high  efficiency  to  avoid  the  need  for  reduction  gearing  between  the  fan  and  turbine.  The  turboshaft  engine  eyrie  pressure  ratio  was 
reduced  somewhat  from  the  turbofan  value  to  produce  a comparable  gas  path  height  in  the  critical  compressor  exit  region  for  equal 
xuise  thrust  capabilities.  In  this  manner,  comparable  eoraprr  ssot  and  turbine  Made  lip  clearances  and  tosses  could  be  assumed.  The 
somewhat  different  turbofim  core  and  turboshaft  cycles  provided  nearly  equal  thermal  efficiency  levels  as  shown  in  Figure  lb. 

Offset  compound  idler  gear  drive  systems  were  selected  for  the  shrouded  fan  and  turboprop  systems  with  respective  gear  ratios 
of  83:1  and  7.8:1.  A gear  system  efficiency  of  99  percent  was  assumed  in  the  evaluation  for  both  cases. 

Installation  arrangements  were  worked  out  for  the  three  systems  as  shown  in  Figure  1 7.  The  turbofan  was  assumed  to  he  a con- 
ventional under-the-wlng.  pylon  mounted  arrangement.  The  fan  cowl  length  Is  1.33  times  the  maximum  cowl  diameter  to  provide 
adequate  length  for  efficient  inlet  diffusion  and  sufficient  acoustically  treated  wall  area  to  attenuate  fan  source  noise  to  FAR  Fart  36 
minus  10  FFNdB  levels  at  takeoff,  sideline,  and  approach  conditions.  Reverse  thrust  is  provided  by  a cascade  thrust  revetser  in  the 
fan  stream  only.  The  shrouded  fan  and  turboprop  systems  were  treated  as  under-the-wing  gas  generator  arrangements  which  are  gloved 
to  the  wing.  Complete  justification  for  this  selection  would  require  further  study.  However,  it  appears  that  this  arrangement  can  pro- 
vide adequate  propuisor  Up  to  ground  clearance,  drag  and  interna!  inlet  pressure  recovery  comparable  to  over-the-wing  installations,  and 
readily  accessible  engine  modules.  Thrust  reverse  is  accomplished  by  altering  the  pitch  of  the  two  pcopulsors,  blading  ball-race  reten- 
tion and  hydro-mechanical  (mechanical)  pitch  change  system  nave  been  assumed  for  this  purpose.  Integrated  propulsion  and  gas  gen- 
erator controls  represent  an  ideal  applicannn  of  advanced  diytal  electronics  which  can  provide  mulfiwariabte  control  wuhrn  a small 
package. 


The  axial  distance  between  the  wing  quarter  rtioro  and  propeller  planet  was  set  at  a value  of  approximately  1 .0  to  minimize  the 
tendency  for  nacelle  whirl  flutter  and  vibration  transmission  to  the  cabin.  Chin  inlets  were  placed  well  out  in  diameter  from  the  blade 
roots  in  the  turboprop  to  benefit  from  the  pressure  rise  through  that  section  of  the  propeller.  A total  pressure  recovery  to  the  gas 
generator  face  of  1 .0  is  possible  by  carefully  contouring  the  spinner  and  inlet  for  minimum  loss.  The  maximum  nacelle  diameter  on 
the  turboprop  was  set  equal  to  .IS  percent  of  the  propeller  diameter  to  provide  sufficient  back-pressure  and  avoid  blade  root  choking. 
While  an  attempt  has  been  made  to  account  for  all  of  these  phenomena,  it  is  recognized  that  much  additional  analyses  and  testing  is 
required  to  we''Ji  tile  many  factors  involved  in  selecting  a final  installation  arrangement. 

Installation  losses  were  estimated  for  each  of  the  systems  in  order  to  compare  installed  propulsive  efficiency  potential  (Figure  1 8). 
Blading  efficiency  levels,  internal  ducting  losses,  and  fan  cowl  drags  were  taken  from  evaluations  described  earlier  in  this  paper.  Gear 
system  losses,  propulsor-drivc  turbine  losses  and  the  remainder  of  the  installation  drag  were  calculated  for  <he  selected  installations.  The 
large  gains  calculated  for  the  advanced  propeller,  although  preliminary,  indicate  dial  installation  loss  effects  arc  small  in  relation  to  the 
improved  propuisor  performance  (Figure  18).  Hie  shrouded  fan  is  shown  to  be  a third  less  effective  in  increasing  propulsive  efficiency 
titan  is  the  advanced  propeller. 

Tlw  advanced  propeller  shows  adequate  promise  to  suggest  further  detailed  analytical  and  empirical  evaluation.  The  shrouded  fan 
is  viewed  as  a possible  contingent,  y propuisor  pending  the  outcome  of  advanced  propeller  testing  planned  in  1976.  Although  the 
shrouded  fan  has  the  potential  for  relatively  large  fuel  savings  relative  to  flic  conventional  turbofan,  the  potential  is  highly  sensitive  to 
system  parasitic  tosses  associated  with  ducting  the  air  through  the  propuisor.  Major  aerodynamic  ami  structural  questions  related  to 
the  large  diameter  shroud  also  remain  unanswered  at  this  tune.  The  remainder  of  this  paper  is  therefore  devoted  to  evaluation  of  the 
turboprop  and  conventional  lurbofan  systems. 


4.0  POTENTIAL  ENERGY  SAVINGS  AND  ECONOMIC  BENEFITS 

Advanced  study  aircraft  were  taken  from  reference  4 to  determine  the  fuel  savings  and  direct  o|>crating  cost  reductions  possible 
with  advanced  turbofans  and  turboprops.  Domestic  and  intercontinental  200  passenger  transport  aircraft,  with  respective  design  ranges 
of  5,556  kin  (3000  n.mi)and  10,186  km  (5500  n.mi),  were  evaluated.  Aire-aft  characteristics  in  both  eases  include  tiigli  aspect 
ratio  wings,  supercritical  aerodynamics,  and  advanced  lightweight  composite  structural  technology.  The  turbofan  powered  domestic 
transport  was  studied  as  a three  engine  configuration;  the  domestic  turboprop  and  both  intercontinental  aircraft  were  studied  with  four 
engines.  The  trijet  consisted  of  two  under-thc-wing  pylon  mounted  engines  and  a tail  mounted  engine.  The  four  engine  aircraft  con- 
sisted of  wing  mounted  arrangements  with  nacelle  placements  based  on  enginc-tincngme  interference  and  cabin  comfort  considera- 
tions. 


Inboard  turboprops  were  placed  to  provide  0.8  of  the  propeller  diameter  clearance  between  the  fuselage  and  the  blade  tips  In 
reference  10.  this  placement  was  indicated  to  provide  cabin  noise  levels  comparable  to  turbolan  aircraft  by  adding  fuselage  wall  treat- 
ment equal  to  0.25  percent  of  the  aircraft  gross  weight.  A blade  tip  clearance  between  inboard  and  outboard  propeller  of  0.33  pro- 
peller diameter  was  assumed.  Tlie  aircraft  wing  weight,  tail  size  and  weight,  and  lauding  gear  weight  calculations  were  ail  based  on 
these  engine  placement  criteria. 

Propulsion  system  weight  calculations  were  also  carried  out  for  the  selected  engine  installations  resulting  in  the  comparison  shown 
in  Figure  IV.  tire  weights  were  taken  from  several  sources.  Gas  generator  weights  are  based  on  detailed  analysis  of  the  two  cycles. 
Propeller  and  gearbox  weights  were  taken  from  reference  1 2.  Turbofan  nacelle  and  pylon  weights  were  based  on  unpublished 
correlations  and  assume  the  use  of  composites.  Turboprop  nacelle  weight  estimates  were  taken  from  correlations  of  current  systems; 
results  were  found  to  agree  well  with  several  other  independent  studies. 

With  the  definition  of  primary  cycle  thermal  efficiency,  installed  propulsive  efficiency,  and  the  weight  of  the  engine  installation 
and  aircraft,  it  wax  possible  to  calculate  fuel  requirements.  Fuel  consumption  was  calculated  for  the  domestic  and  intercontinental 
aircraft  on  respective  average  (light  stags  lengths  of  1 296  km  (700  n.mi.)  and  3,704  km  (2000  n.mi)  and  compared  with  present 
modem  lurbofan  technology  to  assess  the  tong  term  fuel  savings  potential  by  conducting  mission  profile  analyse*  of  "rubber”  aircraft. 
The  results  of  this  assessment.  Figure  20.  indicate  iiuproventents  ranging  from  approximately  10  to  35  percent  to  be  possible  with  ad- 
vanced propuisiori  systems.  The  cruise  thrust  specific  fuel  consumption  i tide1)  uHptocetttvni  which  is  uivet viy  proportional  to  the 
product  of  thermal  and  propulsive  efficiencies,  is  the  predomiiient  factor  in  the  resultant  fuel  savings  with  weight  savings  accounting 
for  less  than  l percentage  point  of  the  benefit.  The  turboprop  is  more  effective  in  saving  fuel  at  shorter  flight  lengths  where  a large 
portion  of  fuel  is  consumed  during  climb.  The  inherently  greater  take-off  to  cruise  thrust  capability  of  the  low  pressure  ratio  propuisor 
provides  both  fast  and  efficient  climb  operation  to  significantly  increase  the  fuel  savings  diffetentiai  over  that  indicated  during  erurse. 

the  higher  turboprop  take-off  thrust  potential  can  also  reduce  noise  level  petceived  at  the  measuring  point.  The  turboprop  air- 
craft were  calculated  to  be  approxunateiy  1 83m  (600  feet)  higher  than  the  turbofan  aircraft  at  the  5. 63  km  (3.5  mile)  measurement 
point.  The  propeller  noise  levels  were  estimated  to  be  at  a FAR  Part  36  mrnus  1 2 LPNdB  level  with  projected  acoustic  technology 
amounting  to  a 5 EPNdB  noise  reduction  relative  to  present  technology.  The  achievement  of  comparable  levels  in  gas  generator  low 
frequency  noise  and  1.7  pressure  ratio  fan  nosse  would  require  approximately  a 4 EPNdB  reduction  below  current  levels.  These  re- 
ductions, which  are  possible  in  the  future,  can  ia*o  provide  approach  and  side-Un*  condition  noise  levels  below  FAK-t0  EPNdB.  With 
advanced  engine  acoustics,  therefore,  the  turbofan  and  the  turboprop  systems  could  both  achieve  a muse  level  10  EPNdB  be  tow  ct  treat 
FAR  regulations. 

ttt  order  to  compare  the  economies  of  the  two  propulsion  systems,  acquisition  and  maintenance  costs  were  estimated  using  both 
published  and  unpublished  data.  Similar  costs  were  obtained  for  the  turbopwp  system  igas  generator,  gearbox,  propeller,  pi’ch  con- 
trol, and  engne  control!  and  the  lurbofan  system  igas  generator,  fan,  and  engine  control).  Nacelle  and  lurbofan  reserve  costs  were 
added  m separately  to  arrive  at  total  installed  costs.  The  wider  band  of  maintenance  costs  for  the  turboprop  account  for  the  added 
uncertainties  in  the  free  tufbme.  gear  set.  and  propeller.  Aircraft  direct  operatmg  costs  were  calculated  based  on  this  inhumation  and 
the  fuel  costs  shown  tn  Figure  21  for  comparison  with  present  turbolan  technology.  The  advanced  propulsion  systems  a'e  likely  to 
be  mote  costly  to  acqutfe  and  maintain.  Higher  maintenance  costs,  tn  particular,  can  erode  the  direct  operating  cost  benefit*  with 
lower  fuel  consumption.  The  trends  wtii  depend  on  the  relative  cost  escalations  of  fuel,  tabor,  and  materials.  Nevertheless,  tn  either 
future  turbotan  or  turboprop  systems,  maintenance  costs  must  receive  attention  equal  to  fuel  savings  potential  to  assure  the  economic 
incentives  necessary  for  airlines  acceptability. 


S.0  CONCLUDING  REMARKS 


• Projected  advances  in  gas  turbine  component  technology  can  produce  ■«  10  percent  or  greater  energy  savings  potential  relative 
to  present  turbofan  technology  without  resorting  to  unconventional  c-  mponents  such  as  heat  exchangers  or  intermittent 
combustion  processes,  lire  benefits  of  these  technological  advancements  apply  equally  to  turbofan  or  turboprop  systems. 

• The  advanced  turboprop  system  presently  shows  the  greatest  potential  for  fuel  conservation.  This  po'^ntial  is  tied  to  the 
capabilities  ot  an  advanced  propeller  at  contemporary  flight  speeds.  Aerodynamic,  acoustic,  and  structural  verification  is 
critical  to  the  further  pursuance  of  the  advanced  propeller  system. 

• Numerous  assumptions  were  made  in  the  turboprop  system  integration  evaluation  which  require  additional  tubstantiation. 
Propulsion  system  integration  studies  by  airplane  manufacturers  arc  recommended  together  with  a propeller  technology  develop- 
ment program  to  establish  a firm  technical  base  on  which  to  assess  the  concept  further. 

• future  transport  aircraft  engine  fuel  savings  can  produce  operating  economic  benefits  with  careful  design  control  over 
engine  maintenance  requirements. 
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DISCUSSION 


D.R.Higton 

In  our  studies  of  the  advanced  propeller  at  NGTE  we  have  had  difficulty  in  estimating  the  impact  on  wing  aero- 
dynamics of  placing  such  a propeller  ahead  of  a modem  wing  section.  Would  you  please  comment  on  how  signifi- 
cant you  would  expect  the  interaction  to  be? 

Author’s  Reply 

Yes,  1 have  a few  comments.  V,»  have  had  the  same  difficulty,  frankly,  but  we  have  asked  various  aerodynamicists 
about  their  thoughts  in  terms  of  swirl  effects  on  super  critical  airfoils.  And  we  got  some  very  interesting  responses, 
both  for  and  against.  There  is  actually  one  school  of  thought  that  believes  swirl  effects  do  not  need  to  be  a problem 
but  could  induct  positive  interference.  There  is  another  school  of  thought  which  says  that  the  propeller  slipstream  is 
going  to  be  a tremendous  problem  and  will  possibly  negate  a good  portion  of  the  potential  turboprop  cycle  benefits. 
In  the  evaluation  reported  in  my  paper,  the  increased  dynamic  pressure  in  the  propeller  slipstream  was  taken  into 
account  i l bookkeeping  the  drag.  No  attempt  was  made  to  account  of  the  effects  of  slipstream  swirl  on  drag. 


J.P.Vleghert 

Have  you  investigated  noise  production  of  the  turboprop? 

Author’s  Reply 

There  is  some  work  going  on  looking  at  both  near  field  noise  and  also  far  field  noise.  What  is  your  concern? 


J.P.Vleghert 

The  question  is  concerned  with  far  field  noise. 


Author’s  Reply 

We  have  made  noise  estimates  both  for  the  advanced  turbofan  ..nd  the  advanced  turboprop.  Presently,  we  are 
working  towards  a FAR-36  minus  10  EPN  dB  level  as  a future  noise  goal.  Based  on  initial  study  results  we  are  pre- 
dicting essentially  equivalent  noise  output  for  the  turbofan  and  turboprop  systems.  In  order  to  achieve  the  FAR-36 
minus  10  EPN  dB  level,  advancements  in  acoustics  amounting  to  4 or  5 dB  noise  reduction  is  required  in  either 
propulsion  system. 


J.F.Chevalier 

Est-ce  que  cette  difference  n’a  pas  favorise  le  turboprop  et  est-ce  qu’elle  n’aurait  pas  favorise  egalement  le  fan 
carene? 


Author's  Reply 

Yes,  that’s  right.  The  combustor  exit  temperature  of  the  turboprop  cycle  was  set  higher  than  that  of  the  turbofan 
based  on  mechanical  considerations.  A speed  reduction  gear  is  required  between  the  low  speed  propeller  and  high 
speed  drive  turbine  on  the  turboprop.  In  the  case  of  the  turbofan,  the  need  for  a reduction  gear  is  marginal. 
Therefore,  we  elected  to  reduce  the  turbofan  cycle  combustor  exit  temperature  by  200°F  relative  to  the  turboprop 
to  eliminate  the  need  for  the  complex  gear  with  its  unknown  reliability  and  maintainability.  This  resulted  in  an 
estimated  l or  2 percent  SFC  penalty  with  the  more  conservative  thermodynamic  cycle,  however. 


J.F  .Chevalier 

Mais  il  est  probable  que  vous  avtez  egalement  mis  dans  la  comparaison  le  “shrouded  fan”  d un  grand  taux  dc  dilution, 
il  aurait  ete  meilleur  que  le  turbofan,  sans  doute. 
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Author's  Reply 

Yes,  that’s  correct. 


15-1 


MULTI-MISSION  USES  FOR  PROP-FAN  PROPULSION 
A H.  JACKSON  JR.  AND  B.  S.  GATZEN 

HAMILTON  STANDARD,  DIVISION  OF  UNITED  TECHNOLOGIES  CORPORATION 


SUMMARY 


The  severe  Impact  of  eacalatlng  fuel  prices  on  aircraft  operating  costs  has  accelerated  serious  study  'd’^nced 
propulsion  systems  with  potential  for  major  reductions  in  fuel  consumption.  The  potential  of  the  advance  rop 

has  emerged  as  particularly  attractive.  Using  recent  technical  advancements  in  aerodynamics  and  strucnuv.  —d  con- 
figured to  very  high  power  loadings,  advanced  turboprops  or  Prop-Fans  should  achieve  marked  fuel  savings  when  com- 
pared to  the  turbofan,  even  at  the  high  subsonic  cruise  speeds  that  have  become  traditional  in  recent  years.  The  Prop- 
Fan  will  display  considerable  operational  versatility  over  a wide  spectrum  of  potential  subsonic  missions,  both  mili- 
tary and  commercial.  Its  ability  to  maintain  excellent  performance  levels  with  large  variations  in  aircraft  speeds  and 
altitudes  results  from  the  high  rotor  efficiencies  gained  with  the  use  of  variable  fan  blade  angle.  The  use  of  Prop-Fan 
powered  aircraft  with  their  large  fuel  savings  also  should  be  accompanied  by  favorable  environmental  characteristics, 
comfort  levels,  and  high  levels  of  reliability  and  safety. 

INTRODUCTION 

Few  recent  events  have  attracted  such  worldwide  attention  as  the  1973-1974  Arab  oil  embargo.  Among  its  effects 
were  the  sudden  realization  of  the  coming  permanent  scarcity  of  petroleum  resources  and  the  inexorable  escalation  of  oil 
prices  that  this  shortage  portends.  Of  the  major  energy  users  most  susceptible  to  the  effects  of  oil  shortages,  avia- 
tion stands  out  as  particularly  vulnerable,  since  nowhere  on  the  horizon  does  there  appear  the  prospect  of  alternative 
energy  sources  that  have  a reasonable  potential  for  future  economic  viability.  To  maintain  its  prosperity,  therefore, 
this  industry  must  focus  attention  of  both  its  private  and  public  sectors  on  finding  step  Improvements  in  fuei  efficiency 
over  that  typical  of  today's  turbo jet/turbofan  powered  aircraft. 

Responding  to  requests  from  the  U.S.  Congress  in  early  1975,  the  National  Aeronautics  & Space  Administration 
(NASA)  greatly  broadened  its  studies  to  assess  the  potential  impact  of  a number  of  advanced  technologies  on  the  fuel 
consumption  of  a future  generation  of  commercial  passenger  transports.  It  concluded  that  six  areas  display  consid- 
erable promise  for  significant  improvements  and  should  receive  Government  support  for  both  research  and  follow-on 
advanced  development,  the  latter  provided  their  early  promise  continues  to  be  sustained.  Among  tie  six,  advancod 
turboprop  propulsion  displays  perhaps  the  greatest  potential  for  major  fuel  savings. 1 

The  general  adoption  of  the  turbojet/turbofan  equipped  aircraft  by  the  world's  major  airlines  in  tho  late  1950's  and 
early  19<i0's  was  made  at  a considerable  sacrifice  in  fuel  productivity  (fuel  used  per  seat  mile).  The  simultaneous 
realization  of  higher  flight  speeds  up  to  0.  8 ^ Mach  number  (MN),  however,  and  the  introduction  of  aircraft  larger 
than  was  then  thought  commercially  practical  with  turboprop  designs,  proved  so  productive  in  terms  of  specific  oper- 
ating costs  that  an  explosive  growth  in  the  aircraft  industry  resulted.  Fuel  costs  fifteen  years  ago  were  only  one- 
third  cf  what  they  are  today  and  since  they  were  a much  lower  percentage  of  the  overall  costs  of  airline  operation,  did 
little  to  inhibit  this  revolutionary  development  in  air  transportation. 

The  recent  reawakened  interest  in  the  turboprop  has  called  forth  the  vision  of  the  lower  cruise  speeds  which  char- 
acterized past  designs  and  has  stimulated  concern  that  the  process  by  which  all  parties  benefited  during  the  19€0's 
could  be  reversed.  It  has  been  speculated  that  a decrease  in  flight  speed  would  adversely  affect  passenger  load  fac- 
tors, particularly  for  those  operators  using  slower  turboprops  in  competition  with  turbofan  equipment.  The  validity 
of  this  concern  has  been  sustained  by  the  recent  NASA-sponsored  United  Airlines  passenger  survey,  which  concludes 
that  lower  speeds  would  not  be  tolerated  by  the  general  passenger  without  an  associated  fare  benefit. 2 Additionally, 
the  modern  air  traffic  control  system  is  largely  based  on  ihe  operating  speeds  of  today's  airline  fleet.  Introduction 
of  a mixed  speed  fleet  including  significant  numbers  o i relatively  low  speed  aircraft  would  likely  result  in  added  oper- 
ating costs  of  a magnitude  feit  by  some  to  be  proh  ^-i,  '^  ht;b  This  concern  is  frequently  expressed  by  potential 
military  as  well  as  airline  users  of  turboprop  equipme^,  although,  as  far  as  caa  be  determined,  the  subject  has  not 
been  studied  in  great  detail. 

Rased  on  such  considerations,  it  has  been  concluded  generally  that  even  with  significant  future  escalation  in  fuel 
costs,  new  passenger  transport  type  aircraft  designed  to  operate  at  cruise  speeds  significantly  less  than  0. 9 MN  probably 
would  suffer  adversely  from  higher  direet  and/or  indirect  operating  costs.  This  assessment  applies  to  both  military 
and  civil  aircraft,  except  for  those  that  have  dedicated  missions  at  significantly  tower  cruise  speeds  and/or  operate 
outside  the  heavily  travelled  air  traffic  controlled  airways.  Maintaining  0. 8 or  near  0. 9 MN  cruise  speed  is  now  con- 
ceded to  be  essential  for  any  future  advanced  turboprop  powered  equipment  which  Is  designed  to  have  a rignillcant 
Impact  on  our  air  transportation  system.  To  realize  such  performance,  however,  propulsion  system  technology  ad- 
vancement will  be  required  as,  with  the  possible  exception  of  certain  Russian  designs,  even  the  most  advanced  of 
past  propeller  configurations  have  not  provided  tue  levels  of  Installed  propulsive  efficiencies  necessary  for  these  high 
cruise  speeds,  if  the  envisioned  technology  development  Is  achieved,  it  is  possible  that  advanced  turboprop  propulsion 
will  be  adopted  for  a wide  range  of  subsonic  aircraft  missions. 


ESTABLISHING  THE  PROP-FAN  CONCEPT 


To  meet  the  demands  of  0. 8 MN  cruise  speeds,  an  advanced  turboprop  propulsion  concept  called  the  Prop-Fan 
has  been  established.  While  the  aerodynamic  details  which  support  the  projected  Prop-Fan  performance  have  been 
described  in  some  depth  in  Reference  3,  it  would  be  useful  to  trace  the  steps  by  which  the  Prop-Fan  configuration  has 
evolved. 

It  Is  first  important  to  note  that  the  thrust  specific  fuel  consumption  (TSFC)  of  the  free-air  turboprop  prop  ilsion 
system  can  be  compared  directly  to  that  of  the  ducted,  high  bypasn  turbofan  engine  producing  equal  cruise  thrust  by 
ratiolng  the  energy  being  introduced  at  the  power  turbine  of  each.  This  energy  can  be  considered  all  shaft  power, 
assuming  a negligible  impact  of  different  energy  splits  between  the  turbine  and  nozzle.  The  shaft  horsepower  (SHP) 
is  related  to  Installed  propulsive  efficiency  ( 77  i)  for  either  powerplant  by  the  relationship  SHP  = TV0/r?  i . t?  i is  equal 
to  the  uninstalled  propulsive  efficiency  (7?  net)  minus  the  installation  losses  due  to  encasing  the  engine  and  mounting 
it  to  the  aircraft.  7?  net  Is  equal  to  the  ideal  momentum  efficiency  (77  m)  minus  the  uninstalled  losses  which  include 
such  items  as  blade  tip  losses  and  airfoil  drag,  unrecovered  swirl  energy,  internal  duct  drag,  etc.  Finally,  the  ideal 
momentum  efficiency  accounts  for  the  losses  resulting  from  mixing  the  air  exiting  from  the  rotor  with  the  free  stream 
air. 


To  sum  up,  for  either  the  Prop-Fan  or  high  bypass  turbofan,  the  TSFC  -.77  j = »?  NET  - installed  losses  = r]  m - 
installed  and  uninstalled  losses.  Since  it  is  generally  agreed  that  the  installed  losses  for  either  the  high  bypass  ratio 
turbofan  or  the  Prop-Fan  probably  can  be  controlled  to  rough  equivalency,  an  accurate  view  of  the  relative  fuel  con- 
sumption potential  can  be  garnered  from  examination  of  the  uninstalled  propulsive  efficiencies,  77  NET»  which  in  the 
case  of  the  turboprop  is  sometimes  labelled  propeller  efficiency,  77  p. 

Figure  1 summaJzes  the  effects  of  advances  in  propeller  aerodynamic  technology  which  evolved  in  the  post-war 
period.  Almost  without  exception  propellers  designed  for  reciprocating  engine  powered  aircraft  in  this  era  suffered 
from  severe  losses  in  propeller  efficiency  at  flight  speeds  much  over  0. 5 MN.  This  was  largely  due  to  poor  perfor- 
mance at  high  subsonic  rotor  tip  speeds  of  airfoil  sections  highly  cambered  for  peak  takeoff  thrust  and  thickened  sub- 
stantially to  contend  with  the  very  high  vibratory  loadings  originating  within  the  engine  and  transmitted  to  the  propeller 
through  the  prop  shaft.  As  air  transportation  expanded  and  runways  were  lengthened,  the  need  for  highly  cambered 
airfoils  was  sharply  reduced.  Also,  and  perhaps  more  importantly,  the  adoption  of  the  turbine  ongine  completely 
eliminated  the  evgine  Induced  vibratory  loads,  making  it  possible  with  the  introduction  of  the  Lockheed  Electra  to  re- 
duce typical  section  thickness  ratios  at  the  blade  tip  from  6%  or  7%  down  to  2-1/2%,  with  comparable  thickness  re- 
ductions along  the  entire  blade  span. 


The  design  of  the  Lockheed  Electra/P3  propeller,  which  was  subsequently  to  be  produced  in  considerable  volume 
and  is  still  in  production  today,  was  laid  down  in  1955.  At  that  time,  wind  tunnel  research  was  under  way  on  even 
more  advanced  blade  designs  incorporating  still  thinner,  more  lightly  cambered  airfoils  which  avoided  severe  effi- 
ciency degradation  to  beyond  0. 8 MN.  The  last  of  these  tests  was  completed  in  1958,  at  a time  whon  interest  in  turbo- 
prop equipment  was  waning  while  Industry  chose  the  path  of  Jet  propulsion  for  most  of  its  subsequent  needs.  The 
proven  potential  for  a major  improvement  In  turboprop  propulsion  efficiency  went  largely  unrecognized. 

With  the  stimulation  of  the  NASA  interest  during  the  studies  it  sponsored  in  1975,  the  old  high  speed  propeller 
wind  tunnel  data  was  disinterred  and  re-examined.  This  review  revealed  uninstalled  propulsive  efficiencies  to  be 
quite  attractive  compared  to  that  characterizing  current  turbofan  equipment.  It  was  suspected,  however,  that  full- 
scale  versions  of  the  test  models,  designed  for  conventional  power  loadings,  could  have  a number  of  structural  and 
installation  problems  in  the  areas  of  weights,  clearance#,  vibrations,  etc.  To  overcome  these,  a serious  attempt 
to  reduce  the  size  and  mass  of  the  rotor  appeared  necessary.  Studies  followed  examining  the  feasibility  of  Increasing 
propeller  pressure  ratio  by  reducing  diameter,  but  only  to  that  point  (55  to  60%  of  turboprop  diameter)  where  serious 
penalties  In  ideal  efficiencies  ( ijm)  would  be  avoided  (see  Figure  2)  and  the  large  performance  nargln  over  the  turbo- 
fan, even  after  absorption  of  installed  and  uninstalled  losses,  still  would  be  maintained.4  The  resultant  design  was 
characterized  by  much  higher  power  loadings  (37-1/2  SHP/D^  vs  12  SHP/ltf  at  entise  speed  conditions);  higher  fan 
rotor  solidities  (1600  TAF  vs  600  TAF);  8 blades  vs  4 blades;  thin,  very  low  cambered  airfoils  along  the  blade  span 
duplicating  the  high  speed  model  blades  tested  in  the  11 50‘s;  and  substantially  reduced  rotor  and  gearbox  weights. 
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Extrapolated  performance  from  the  baseline  high  speed  wind  tunnel  data  suggested  that,  largely  because  of  in- 
creased rotor  slipstream  swirl  losses,  the  propeller  net  efficiency  {tj  net)  °f  a highly  loaded  Prop-  Fan  design  would 
fall  substantially  below  the  80%  peak  efficiency  obtained  with  the  earlier  conventionally  loaded  designs.  The  73% 
calculated  net  efficiency  (see  Figure  3)  at  the  desired  point  design  power  loading  would  erode  approximately  50%  of 
the  propulsive  efficiency  advantage  forecast  for  the  advanced  turboprop  over  the  turbofan,  and  was  judged  unsatisfac- 
tory. To  counterbalance  the  increased  swirl  losses  without  resorting  to  the  Increased  complexity  of  counterrotating 
rotors  required  an  attack  on  compressibility  losses,  the  other  major  area  of  efficiency  degradation.  A number  of 
configuration  changes  were  postulated  to  address  this  problem  and  an  analytical/experimentul  program  was  Initiated 
to  provide  the  means  of  incorporating  these  modifications  into  hardware  design.  Major  variables  to  be  investigated 
Included  blade  sweep,  advanced  airfoils,  and  various  centerbody  shapes.  It  was  projected  that  as  a result  of  the 
series  of  experimental  wind  tunnel  tests  planned  by  NASA,  it  should  be  possible  to  restore  the  performance  to  80% 
efficiency,  while  maintaining  the  other  advantages  of  the  desired  cruise  power  loading.  Using  the  projected  80%  Prop- 
Fan  efficiency  as  the  base  point,  efficiency  characteristics  across  the  operating  envelopes  of  typical  0.  8 
MN  transports  were  derived  by  Hamilton  Standard  and  furnished  to  the  engine  and  airframe  manufacturers  for  their 
studies  comparing  aircraft  powered  by  equivalent  technology  level  turbofan  and  Prop-Fan  propulsion.  Additionally, 
Prop-Fan  weights,  noi3e  characteristics,  and  economic  data  were  made  available  for  study  purposes. 

An  ultimate  comparison  of  fuel  consumption  for  Prop-Fan  vs  turbofan  powered  aircraft  Is  dependent  upon  the 
final  Installed  efficiencies  of  the  two  propulsion  systems  which  include  the  losses  not  encompassed  in  the  isolated, 
uninstalled  propulsive  efficiency  characterizations.  The  prime  airframe  manufacturers  possess  the  best  capability 
for  determining  the  effect  of  these  losses,  which  include  not  only  the  scrubbing  drag  on  the  nacelle  and  interference 
drag  with  the  wing,  but  in  the  case  of  the  Prop-Fan,  the  added  wing  drag  resulting  from  the  rotor  wash  and  the  off- 
setting,possibly  beneficial  swirl  energy  recovery  realized  by  the  wing's  inherent  flow  straightoning  capability.  It  is 
likely,  too,  that  to  obtain  optimum  results,  special  design  techniques  to  integrate  the  Prop-Fan  with  the  wing  will 
prove  attractive.  Studies  made  to  date  suggest  that  the  propulsion  system  installation  performance  losses  ultimately 
should  bo  no  greater  than  those  assessod  against  the  high  bypass  turbofan.  On  this  basis.  Figure  4 is  considered  a 
fair  representation  of  tho  comparative  installed  efficiencies  of  the  turboprop,  Prop-Fan,  and  the  conventional  high 
bypass  turbofan.  8 For  any  given  Mach  number,  the  differences  in  installed  efficiencies  represent  the  approximate 
differences  in  fuel  consumption  of  comparably  sized  poworplants. 

FUEL  EFFICIENCY  STUDIES 


The  baseline  Prop-Fan  and  its  associated  characteristics  including  porformanco,  acoustic  signature,  etc. , were 
employed  first  in  the  NASA-Lewis  sponsored  unconventional  engine  studies  as  reported  in  References  4 and  8,  and 
subsequently  in  the  NASA-Ames  sponsored  RECAT  aircraft  studies  which  were  reported  in  References  7 and  8.  More 
recently  Boeing  has  been  conducting  a two-engine  commercial  medium  haul  aircraft  study  but  results  were  not  official- 
ly available  at  the  timo  this  paper  was  being  prepared. 


A photograph  of  the  Lockheed  Prop-Fan  powered  RECAT  aircraft  model  Is  shown  in  Figure  5.  This  aircraft 
was  designed  to  carry  200  passengors,  employed  a design  range  of  1500  nautical  miles  (nm)  and  displayed  fuel  savings 
greater  than  20%  at  block  distances  of  approximately  600  nm  (typical  of  727  domestic  U.S.  operation  today).  Figure  6 
shows  a comparison  of  projected  fuel  savings  for  this  aircraft  alongside  fuel  savings  projected  by  Pratt  & Whitney 
(PWA)  and  General  Electric  (GE)  for  comparable  payload  aircraft  operating  over  similar  stage  lengths.  These  savings 
are  referenced  to  baseline,  comparable  technology  turbofan  powered  aircraft.  Savings  in  direct  operating  costs  shown 
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are  for  a fuel  price  of  30C  per  gallon  In  the  case  of  the  PWA  and  GE  studies  and  60?  per  gallon  In  the  Lockheod  study. 
Sensitivity  of  DOC  to  fuel  price  is  Indicated  for  the  PWA  results.  Also,  tho  design  range  of  tho  PWA  and  GE  study 
aircraft  was  3,000  nm  versus  Ixickheed's  1500  mr..  Hie  results  of  these  studies  are  remarkable  for  the  magnitude 
and  consistency  of  the  benefits  shown.  To  date,  studies  of  other  projected  ad  ancements  In  the  propulsion  area.  In- 
cluding the  very  high  bypass,  short  ductod  type  turbofan  suggested  by  Denning,  Miller  & Wright,  have  failed  to  show 
anything  approaching  these  payoffs.  9 

MODEL  TESTS 

To  establish  the  ultimate  performance  potential  of  the  Prop-Fan,  a series  of  model  tests  are  planned  by  NASA  111 
a program  that  Is  to  extend  over  several  years.  Testing  of  the  first  model,  shown  In  Figure  7 installed  on  the  tunnel 
test  rig,  was  completed  In  late  May.  This  model  was  designed  to  attack  the  compressibility  losses  in  two  areas. 
Aerodynamic  sweep  up  to  30''  at  the  blade  tip  was  incorporated  In  tho  design  and  the  nacello  centerbody  was  somewhat 
expanded  aft  of  the  rotor  to  provide  a retardation  of  airflow  through  the  inboard  cascade  (fan)  portion  of  the  rotor. 
Measured  performance  was  better  than  anticipated  for  this  first  model,  with  77%  propoller  (net)  efficiency  being  ob- 
tained at  the  design  point,  and  approximately  80%  peak  efficiency  at  a somewhat  lower  power  loading.  Diagnostic 
evaluation  of  the  results  indicated  several  areas  where  performance  of  this  particular  model  can  be  Improvod,  and  a 
retest  with  the  blade  spanwise  loading  reoptimized  is  plannod  for  this  fall.  The  test  results  along  with  more  detail  on 
die  design  of  tho  model  are  reported  in  Iteference  5. 

Based  on  the  remarkably  good  results  from  the  first  modol,  it  is  anticipated  that  the  80 % design  point  efficiency 
goal  will  be  reached  much  more  quickly  than  indicated  in  earlier  program  plans.  The  model  program  is  proceeding, 
however,  as  originally  conceived.  A second  model  is  currently  undergoing  test  evaluation  and  results  should  be 
available  by  oarly  fall.  Design  of  a third  model  will  start  In  October  and  plans  are  well  advancod  for  a fourth  model 
which  is  to  Include  the  first  evaluation  of  thin,  supercritical  airfoils. 

THE  ACOUSTIC  QUESTION 


Since  the  Prop-Fan  will  operate  with  conventional  low  propeller  like  tip  speeds,  it  is  anticipated  that  aircraft  so 
powered  will  have  no  difficulty  mooting  existing  FAH  Part  36  far-ficld  noise  constraints,  or  for  that  matter,  reductions 
in  noise  regulations  as  might  result  from  tho  implementation  of  NPHM  75-37.  Ilowover,  thoro  is  somo  concern  over 
potential  difficulties  in  realizing  a quiet  passenger  cabin,  ono  that  meets  the  acoustic  criteria  generally  adopted  by 
the  industry  for  now  aircraft  designs.  These  acoustic  critoria  mandate  significantly  loss  cabin  noise  than  was  typical 
of  past  propeller  aircraft.  The  substance  of  this  concern  is  illustrated  by  Figure  8.  Tho  path  to  achieving  acceptable 
Intorior  noise  levels  is  composed  of  two  logs,  one  of  increasing  noise  level  and  one  of  decreasing  noise  lovol.  Using 
the  noiso  lovels  of  typical  propeller-driven  aircraft  with  tholr  subsonic  blado  tip  spoods  and  rolativoly  lightly  loaded 
rotors  as  a basis  for  comparison,  an  increase  may  bo  anticipated  at  0.  8 MN  due  to  higher  Prop-Fan  source  noiso. 

The  holbal  blade  tip  Mach  numbors  of  the  Prop-Fan  will  bo  in  the  transonic  speed  rango,  how  far  into  it  being  depen- 
dent on  tho  rotational  speed  selected  for  cruise  at  0.  8 MN,  35,000  foot  ultitudo.  The  higher  power  loading  employed 
by  the  Prop-Fan  will  also  increase  the  source  noise  level.  Several  circumstances  and  d,.  g;n  Improvements,  how- 
ever, are  acting  to  counteract  thoso  effects.  The  Prop-Fan  aircraft  will  crulso  at  higher  altitudes  than  the  old  pro- 
pellor-driven  equipment  and  greater  noise  attenuation  will  be  realized.  Also,  the  greater  number  of  blades  will 
raise  tone  frequency  boneflcially,  and  the  smaller  diameter  will  allow  greater  noiso  reduction  due  to  increased  rotor 
tip  to  fusolago  clearance.  Increasing  the  clearance  historically  has  proven  a powerful  tool  for  reducing  cabin  noise, 
as  shown  in  Figure  9 which  plots  measured  cabin  noise  data  for  a number  of  aircraft  vs  their  propeller  tip  clearances. 
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Further  noise  reductions  to  obtain  the  levels  of  today's  jot  equipment  will  have  to  be  accomplished  through  a com- 
bination of  quieter  rotor  design  and/or  additional  cabin  wall  treatment.  The  weight  penalties  to  the  aircraft  and  the 
associated  penalties  to  fuel  consumption  can  range  from  negligible  to  significant,  dependent  to  a large  degree  on  the 
success  obtained  in  realizing  such  a quiet  design.  Limited  full-scale  propeller  acoustic  tests  performed  in  the  1950's 
have  suggested  that  delaying  the  onset  of  section  critical  Mach  number  can  havo  a very  beneficial  effect  on  propeller 
noise  generation.  As  shown  in  Figure  10,  the  incorporation  of  advanced  thin  airfoils  along  with  blade  sweep  should 
result  in  a marked  noise  benefit,  and  if  predictions  prove  correct,  little  penalty  in  the  way  of  udded  cabin  acoustic 
treatment  may  be  necessary. 

Adequate  test  data  to  analyze  thoroughly  the  cruiso  near-fiold  noise  character  of  the  i'rop-1  on  is  simply  not 
available.  Tho  NASA  program  therefore  envisions  tho  conduct  of  a sorios  of  acoustic  model  tests  to  provide  sub- 
stantiation and  enhancement  of  currently  available  data,  and  hence  permit  the  development  of  Improved  analytical 
models  for  the  study  of  noise  reduction.  Acoustic  testing  of  the  swept  blade  wind  tunnel  mode!  is  expected  to  be  con- 
ducted late  this  year  and  will  be  followed  soon  thereafter  by  tests  of  other  configurations,  including  models  specifi- 
cally tailored  for  acoustic  purposes. 

STRUCTURAL  CONSIDERATIONS 

The  requirements  foreseen  for  the  design  of  an  0. 8 MN  Prop-Fan  will  demand  littlo  in  areas  of  state-of- 
the-art  structural  advancement.  The  sciences  of  flow  field  analysis  and  rotor  vibratory  bohavior  have  been  sub- 
stantially ivflned  since  tho  days  of  reciprocating  engine  propellers  and  ever,  tho  early  turboprops.  Tho  propollov 
safety  record  of  the  whole  turboprop  family  results  in  part  from  some  of  the  early  advancomonts  made  in  those  analyt- 
ical techniques,  and  represents  a dramatic  improvement  over  that  compiled  on  the  post-war  family  of  reciprocating 
engine  transports.  In  over  fifty  million  flight  hours  of  turboprop  operation,  Hamilton  Standard  propellers,  most  of 
them  solid  aluminum  bladed,  have  experienced  no  In-flight  structural  failures,  nor  fractures  of  any  type  during  tho 
critical  takeoff  mode.  This  is  a remarkable  achievement,  reflecting  both  the  fact  that  with  tho  introduction  of  tur- 
bine power,  engine  excited  propeller  blade  stresses,  which  were  associated  with  the  lion’s  share  of  reciprocating 
engine  propeller  failures,  completely  disappeared;  and  tho  additional  fact  that  the  susceptibility  of  tho  propeller  blade 
to  substantial  strength  degradation  from  operational  damage,  which  accounted  for  the  remaining  problems,  was 
eliminated. 

Effective  means  for  isolating  propeller  induced  shaft  vibration  from  transmission  by  the  wing  structure  to  the 
cabin  while  simultaneously  maintaining  adequate  propulsion  system  mounting  stiffness  for  purposes  of  nacellc/wing 
stability,  have  been  evolved  since  the  i,ockheed  Electra  was  designed.  These  techniques,  currently  being  demon- 
strated on  the  deiiavilland  DHC -7  aircraft,  promise  low  levels  of  cabin  vibration  previously  unobtainable  with  propel- 
lers. Considerable  engineering  effort  was  directed  during  the  design  of  tho  DHC-7  to  optimize  the  nacelle  mount  sys- 
tem to  minimize  structure  born  vibrations.  Success  can  be  measured  by  the  almost  total  lack  of  propeller  Induced 
vibrations  detected  in  the  cabin  during  the  flight  test  program  at  Downsvlew,  Ontario.  Even  more  favorable  vibra- 
tion levels  have  been  calculated  for  a large  Prop-Fan  powered  aircraft  as  shown  on  Figure  U. 
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It  is  llkt’lv  tint  ;i  modest  advancement  in  blade  structural  design  will  be  required,  although  the  technology  stop 
involved  is  less  ambitious  tlian  if  the  relevant  design  improvements  made  over  the  last  flfteon  years  wore  yet  to  lie 
realized.  In  order  to  minimize  propeller  effick  , -\v  losses  due  to  compressibility,  the  Prop-Pan  will  require  use  of 
thin  airfoils.  The  comparison  of  blade  spanwisc  thickness  ratio  distribution  of  the  Prop-Fan  versus  the  earlier 
Plectra  propeller  is  shown  In  Figure  12.  From  this  It  Is  readily  apparent  that  Prop-Fan  blade  thickness  ratios  will 
most  likely  run  between  05'f  and  sO't  of  the  earlier  turlioprop  blade  with  the  greatest  reduction  being  In  the  mid-span 
region  where  the  vibratory  stresses  are  expected  to  peak.  Although  the  Individual  Prop-Far.  blades  are  anticipated 
to  tie  wider  thin  the  turboprop's.  It  is  expected  that  the  section  properties  still  will  tie  somewhat  less  substantial  and 
will  require  the  use  of  a fundamentally  stronger  blade  construction. 

Starting  in  the  early  lOfiO's,  Hamilton  Standard,  under  Navy  sponsorship,  Initiated  the  development  of  a high 
strength,  .spar /shell,  composite  blade.  This  blade  in  its  Prop-Fan  configi  ration  is  shown  in  Figure  13. 10  in  its  cur- 
rent production  propeller  - ..nfiguratlons,  it  Is  composed  of  a high  strength  metal  spar  "backbone"  surrounded  by  a 
non -structural  fiberglass  shell  which  fills  tho  dual  role  of  forming  the  blade  airfoil  and  completely  protecting  and 
isolating  the  spa  (mm  environment.il  damage.  The  first  version  of  this  blade  was  developed  for  the  U.S.  Navy  re- 
clpr.K .r  ing  engine  powered  i»2V,  was  manufactured  in  substantial  production  quantities,  amt  was  operated  for  many 
v»:  ,n  s by  the  Nnvv  verv  »ucc‘'ssfi  dy  tbrougiout  the  world.  More  recently,  following  the  use  of  other  design  versions 
on  a »r.rlcty  of  experimc~‘.il  pr  peTor- driven  aircraft,  the  fihetglass  blade  was  introduced  and  is  being  used  exten- 
sively by  the  Navy  on  its  rum  mat.  r.  - 1.  early  warning  aircraft  and  its  C-2  COD  transport.  It  is  now  in  production  for 
the  commercial  dellavllland  DIIC-7,  and  will  ba  placed  in  production  shortly  for  the  Navy's  latest,  high  powered  ver- 
sion of  the  OV-1Q,  the  OV-IOI).  Severn!  .,f  the  above  listed  propellers  were  designed  to  handle  substantially  higher 
vibratory  loads  than  were  typical  of  the  earlier  turboprops.  The  blados  have  performed  flawlessly  and  have  displayed 
and  confirmed  unsurpassed  'ale ranee  to  extreme  environmental  damage. 

From  analysis  of  the  predicted  lo  dings  anticipated  for  the  0.  8 MN  aircraft,  it  Is  projected  that  the  thin  Prop-Fan 
blade  will  not  demand  any  higher  component  strengths  i.ian  have  already  been  proven  and  employed  in  the  design  of 
spar/shell  bluded  propellers  that  have  experienced  substantial  successful  service  operation,  liocausc  of  tho  wide, 
thin  airfoil,  however,  use  of  high  modulus  composite  (Materials  replacing  the  fiberglass  may  be  necessary  to  obtain 
satisfactory'  torsional  stiffness.  While  it  is  certain  this  change  will  maintain  tho  essential  structural  isolation  of  the 
spar,  the  blade’s  total  structural  behavior  needs  comprehensive  substantiation  which  can  be  best  accomplished  by 
actual  operational  evaluation.  A program  to  accomplish  this  is  in  the  planning  stago. 


Figure  1 2.  Thiukaeai  Katio  Compartse/i 


Figure  i 5.  Typical  Prop- Fat  Blxie 
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The  Prop-Fan's  key  attribute  is  propulsive  efficiency,  ami  he  ace,  Us  ability  to  save  fuel.  As  discussed  earlier, 
this  advantage  is  maiatv  attributable  to  its  iahereatlv  high  uninstalled  effi  .acv  based  oa  very  small  moiaeatum  losses 
ity pleat  of  propellers!  and  the  mialmiitatiea  of  blade  tosses  due  to  compressibility,  other  advantages  which  are  In- 
herent in  the  Prop-Fan  concept  will  now  be  explored. 

Thus  far  concentration  has  been  focused  oa  a specific  design  operating  point,  that  of  0.  » MN  maximum  cruise 
uperatiua  at  attitude.  During  aav  specific  cruise  mission  where  MN  is  held  constant,  the  thrust  required  changes 
over  time  as  fetel  is  burned  off  am.l  aircraft  gt-ws  weight  goes  down.  This  results  la  engine  power  variations  through- 
out the  mission  which  are  sometimes  coupled  with  altitude  variations  with  the  intent  to  optimlie  TSFC.  Today's  typi- 
cal operations  at  lass  than  full  payload  and  wiih  restrictions  in  attitude  variations  force  less  than  full  power  utilisation. 


The  fuel  cavings  associated  with  Prop-Fan  operation  Is  further  enhanced  compared  to  the  turbofan  as  power  level  Is 
reduced  from  full  cruise  rating.  This  improvement  is  noted  in  Figure  14  which  shows  the  Prop-Fan  and  turbofan 
TSFC'*  ns  a function  of  power  level.4  The  delta  TSFC  improves  13%  as  power  is  decreased  from  maximum  cruise  to 
70%.  The  hey  to  this  advantage  is  the  Prop-Fan's  ability  to  optimize  operative  TSFC  throughout  a mission.  Unlike  a 
turbofan  with  its  fixed  fan  blade  angle,  the  Prop-Fan  can  either  maintain  100%  speed  or  reduce  rpm  with  power  varia- 
tions. This  is  attributable  to  its  variable  pitch  feature.  P.ngino  studies  conducted  by  1>WA  show  that  maintaining  100% 
rpm  with  power  reductions  resulted  in  the  largest  fuel  savings.  This  is  achieved  because  both  Prop-Fan  and  turbine 
stages  are  operating  at  high  efficiency  when  the  rpm  is  maintained  at  or  near  1 00%. 4 

Similarly,  the  Prop-Fan's  advantage  over  the  turkofan  improves  as  MN  drops  from  design  cruise  speed.  The 
Prop-Fan's  uninstalled  efficiency  optimized  for  various  MN  is  compared  in  Figure  15  to  a Prop-Fan  designed  for  0.8 
MN  and  operated  at  the  lower  speeds,  tt  can  l>e  seen  that  the  efficiency  differences  between  an  optimum  and  non- 
optimum Prop-Fan  are  small  although  there  would  bo  a comparable  Impact  on  fuel  consumption.  This  is  ■ a important 
consideration  because  as  fuel  prices  continue  to  become  a larger  percentage  of  operating  costs,  it  may  be  desirable 
to  effect  a further  modest  reduction  of  aircraft  cruise  spoeds.  The  increase  in  fuel  prices  in  the  1074-75  time  period 
resulted  In  commercial  transports,  with  design  cruise  at  0.  82  - 0. 84  MN,  towering  their  cruise  speed  to  0.  8C  - ■>.  82 
MN.  Further  speed  reductions  went  not  instituted  because  of  an  adverse  impact  on  direct  operating  cost  with  the 
existing  aircraft  designs.  A recent  study  conducted  by  Douglas  Aircraft  showed  that  as  fuel  prices  approached  45 
per  gallon,  the  optimum  cruise  speed  for  new  turbofan  aircraft  designs  would  drop  to  0.8  MN  and  lower  for  miaUqum 
DOC.8  In  the  event  of  another  oil  shortage,  fuel  allocations,  and/or  drastic  fuel  price  escalations,  cruise  spe«  - of 
a Prop-Fan  powered  air  transport  fleet  could  be  reduced  substantially  with  major  fuel  savings  and  without  eatt>  : -oph- 
1c  economic  results. 


Studies  conducted  to  date  havo  Indicated  tied  the  Prop-Fan,  unlike  the  turbofan,  is  not  sized  by  the  tv  ,.t  thrust 
requirement  for  conventional  transports.  The  thrust  per  horsepower  developed  by  the  Prop-Fun  under  ’ •-  forward 
speed  operation  Is  greater  than  that  of  the  high  bypass  turbofan  engine.  This  low  speed  specific  throat  characteristic 
results  In  a steeper  thrust  lapse  rate  (thrust  vs  velocity)  and  If  both  Prop-Fan  and  turbofan  propuls,  systems  are 
sized  tor  equal  cruise  thrust,  tho  thrust  generated  by  the  Prop-Fan  on  takeoff  will  be  greater  than  t'-.  tt  of  tho  turbo- 
fan. Figure  id  compares  low  speed  thrust  characteristics  for  the  high  bypass  turbofan  ami  the  p-op-Fan  (sized  at 
37.5  SHP/D2  at  35,000  ft.),  tie  tow  0.05  MN  the  Prop-Fan's  thrust  Is  less  than  that  of  a turbof.ia  but  the  thrust  advan- 
tage above  0.05  MN  still  results  in  a significantly  shorter  field  length  (20-30'*)  for  the  Prop-Fun  aircraft.7  Figure  16 
also  shows  tho  low  speed  thrust  characteristic  with  varying  design  cruise  SflP/lP*.  lower  SliP/D4  for  constant  design 
cruise  thrust  results  In  a larger  low  speed  thrust,  a lower  slipstream  velocity,  and  a larger  slipstream  area.  The 
slipstream  velocity  In  this  low  speed  regime  is  about  200  ft/sec.  for  the  conventional  propeller  (12  S1IP/I)2)  and  350 
ft/sec.  for  the  Prop-Fan  (37.5  SHP/D-).  The  turbofan  velocity  is  above  1000  ft/see. , dropping  to  600  ft/soc.  for  tho 
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optimum  externally  blown  flap  STOL.  The  propeller’s  thrust  and  slipstream  characteristics  are  desirable  for  slow 
STOL  aircraft  designs  but  conventional  propellers  have  not  proved  particularly  attractive  for  high  speed  STOL.  Prop- 
Fan  propulsion,  however,  should  prove  more  suitable  in  a blown  flap,  high  speed  configuration.  The  wing  and  flap 
span  length  washed  bv  the  Prop-Fan  slipstream  Is  about  2 to  2 1/2  times  that  of  the  turbofan.  As  it  should  provide 
very  effective  wlng/flap  blowing,  quite  possibly  superior  to  the  very  high  bypass  (QCSEE  type)  turbofan,  the  Prop-Fan 
should  be  studied  In  detail  for  high  performance  STOL  applications. 

The  superior  low  speed  performance  of  Prop-Fan  propulsion  can  be  used  to  benefit  engine  ratings.  Lockheed 
capitalized  on  this  advantage  for  RECAT  by  using  less  than  maximum  available  low  speed  thrust  and  derating  the 
Prop-Fan  engines  slightly.  Even  with  the  derating,  the  Prop-Fan  aircraft  had  a 17%  shorter  takeoff  field  length  and 
reached  its  cruise  altitude  in  about  40%  less  climb  distance  than  the  turbofan.  7 It  can  be  seen  from  Figure  16  that  as 
SHP/D^  decreases,  further  derating  may  be  possible.  If  the  Prop  -Fan  aircraft  is  designed  for  conventional  takeoff 
and  standard  climb  routines  similar  to  that  of  today's  turbofan  aircraft,  significant  derating  could  be  accomplished. 
Derating  may  allow  reductions  in  either  high  pressure  turbine  rpm  or  maximum  engine  pressure  or  temperature  levels 
during  takeoff.  Engine  life  may  increase  and  maintenance  costs  may  decrease  insofar  as  they  are  affected  by  the  take- 
off rpm,  pressure,  and  temperature  parameters. 

It  is  anticipated  that  the  Prop-Fan's  fuel  savings  over  a comparable  technology  turbofan  will  vary  as  a function  of 
range  and  cruise  MN  as  shown  In  Figure  17.  For  short  range  (under  500  nm)  the  fuel  savings  is  anticipated  to  be  25- 
30%  since  this  mission  is  dominated  by  climb  and  descent  operation  where  the  Prop-Fan's  TSFC  advantage  is  higher 
than  In  cruise.  It  had  always  been  anticipated  that  benefits  for  such  missions  would  be  substantial  since  little  if  any 
time  is  spent  at  maximum  cruise  speed.  Because  of  a lack  of  sufficient  advantage,  most  short  range  turbofan  aircraft 
today  cruise  between  0.  76  to  0.  78  MN.  The  curves  bottom  out  in  the  medium  range  category  (1500-2500  nm)  where 
the  NASA  funded  studies  so  far  have  concentrated.  As  the  range  increases  to  the  long  range  category  (above  3,000 
nm),  the  fuel  savings  with  the  Prop-Fan  increases  again  due  to  the  larger  fuel  fraction  of  this  category  aircraft. 

Where  there  is  a significant  amount  of  fuel  used,  improved  fuel  savings  results  in  a lower  gross  weight  aircraft  and 
hence  an  additional  fuel  reduction  associated  with  the  lighter  vehicle.  This  suggests  a major  Prop-Fan  payoff  for 
long  range  aircraft.  Here  commercial  freighters  and  military  logistic  transports  are  attractive  candidates  as  there 
is  no  need  to  deal  with  the  passenger  sensitivity  to  block  time. 

It  is  the  Prop-Fan's  variable  pitch  feature  that  results  in  three  more  identifiable  attributes.  First,  it  allows  for 
immediate  thrust  response  upon  power  application.  This  can  be  achieved  by  maintaining  power  turbine  speed  near  or 
at  100%  and  letting  the  variable  blade  angle  control  thrust.  This  is  especially  beneficial  on  approach  where  thrust 
response  and  the  accompanying  immediate  gain  in  wing  lift  could  be,  in  an  emergency,  the  crut  ial  safety  margin. 
Second,  reversing  is  accomplished  without  any  increase  in  mechanical  complexity  such  as  is  required  with  furbofans. 
The  available  reverse  thrust  level  during  landing  coupled  with  pitch  control  for  taxiing  significantly  reduces  the  use 
of  aircraft  wheel  brakes.  Not  only  is  there  the  elimination  of  the  complicated  thrust  reversers,  there  is  also  a 
significant  increase  in  brake  life  and  decrease  in  brake  maintenance  cost.  Third,  the  Prop-Fan  can  operate  either 
rotating  (windmilling)  or  not  rotating  (feather)  during  engine  out.  The  object  of  engine  out  operation  is  drag  minimiza- 
tion. As  can  be  seen  from  Figure  18,  the  minimum  drag  is  with  the  Prop-Fan  In  a controlled  windmilling  mode. 


Windmilling  was,  of  course,  not  desirable  on  the  old  reciprocating  engines  due  to  the  high  drags  which  resulted 
with  non-feathering  propellers  of  that  era.  But  today,  windmilling  rotors  are  commonplace  on  turbofan  engines  where 
the  fan  blade  position  is  fixed  and  there  is  no  pitch  control.  Since  the  idea  of  engines  rotating  while  shut  down  is  now 
accepted,  it  seems  reasonable  that  an  advanced  turboprop  system  should  operate  in  a similar  manner  if  it  enhances 
engine-out  operation.  With  the  advent  of  significantly  improved  pitch  control  concepts,  operation  of  the  Prop-Fan  in 
a controlled  windmill  condition  is  worthy  of  pursuit.  The  pitch  control  would  lock  the  rotor  blade  angle  in  a favorable 
position  such  that  the  drag  with  the  Prop-Fan  would  be  lower  than  past  transport  propellers  which  were  feathered. 


The  functional  features  of  variable  pitch  discussed  above  are  complemented  by  the  relative  mechanical  and  hy- 
draulic simplicity  of  modern  pitch  change  mechanisms.  As  discussed  in  reference  10,  variable  pitch  mechanisms 
and  controls  for  Prop-Fan  will  exhibit  the  technological  advancements  brought  to  the  industry  over  the  last  twenty 
years.  New  variable  pitch  mechanisms  will  have  about  half  the  parts  of  those  in  existing  production  turboprops  and 
the  controls  will  be  oven  more  simplified  through  the  use  of  digital  electronics. 
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Figure  1 7.  Fuel  Savings  with  Prop-Fan  over  Comparable 
Technology  Turbofan 
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Figure  18.  Prop-Fan  Drag  Characteristics 
WindmiUmg  and  Feathered 


Since  the  Prop-Fan  is  a variable  pitch,  free-air  device,  it  has  certain  advantages  over  fixed  pitch,  ducted  devices 
in  terms  of  growth  (higher  thrust)  potential.  Typically  propellers  have  been  able  to  provide  more  thrust,  when  the 
gas  generator  grows,  without  any  configuration  changes.  This  has  been  accomplished  merely  by  adopting  an  available 
higher  operating  blade  angle.  Although  higher  power  with  the  same  blade  is  slightly  less  than  optimum  from  an  aero- 
dynamic efficiency  standpoint,  this  is  usually  a small  price  to  pay  for  increased  thrust  capacity.  Additionally,  more 
thrust  is  achieved  by  the  Prop-Fan  for  a fixed  power  change  in  tiie  engine  than  with  a turbofan.  This  is  because  of  its 
higher  propulsive  efficiency  and  hence  higher  thrust  per  available  horsepower.  If  either  improved  efficiency  or 
greater  structural  capacity  is  desired,  blade  configuration  changes  can  be  accomplished  without  having  to  reconfigure 
a duct.  Blade  tailoring  can  be  accomplished  in  a free-air  rotor  rather  easily  and  probably  without  any  major  changes 
to  either  the  disc  or  the  pitch  change  module.  Historically,  this  has  been  the  ease  with  propellers.  Table  1 presents 
data  on  Hamilton  Standard's  production  turboprops  with  regard  to  increases  in  thrust.  In  all  four  cases,  significant 
thrust  increases  were  achieved  both  without  hardware  changes  and  with  minor  hardware  changes.  Thrust  increases 
over  that  of  service  introduction  ranged  from  30%  to  60%.  The  ability  to  Increase  thrust  on  a high  bypass  turbofan  is 
rather  limited.  Thrust  increases  without  redesigning  the  entire  fan  stage  are  usually  limited  to  minor  increases  In 
either  the  turbine  temperature  or  compressor  supercharge.  Engine  redesign  and  improvements,  without  a new  fan, 
have  traditionally  resulted  in  about  a 15%  thrust  increase  over  that  of  service  introduction  as  evidenced  by  the  PWA 
JT8D-1  to  - 17  history  where  maximum  static  thrust  increased  from  14,000  to  16,000  pounds. 


ENGINE  TECHNOLOGY 


In  preparation  for  production  starts,  the  technology  level  of  candidate  core  engines  must  be  upgraded.  Shaft 
engine  performance  levels  have  lagged  behind  their  turbofan  cousins  simply  because  of  a lack  of  a need.  Moreover, 
the  major  engine  manufacturers  have  indicated  that  either  existing  or  advanced  turbofan  core  engine  technology  can 
be  transferred  to  shaft  engines  "nd  made  fully  effective  in  either  existing  engine  derivatives  or  new  designs.  The 
importance  of  taking  action  in  this  regard  is  illustrated  by  Figure  19.  Here  the  turbofan  TSFC  levels  shown  are 
based  cn  published  high  bypass  turbofan  data.  The  widening  band  indicates  the  variations  in  technology  level  pre- 
dicted for  the  future.  The  comparable  technology  Prop-Fan  TSFC  and  BSFC  lines  were  established  using  a 15%  TSFC 
advantage  for  the  Prop-Fan  and  an  80%  net  efficiency  to  calculate  BSFC.  The  15%  TSFC  advantage  is  based  on  the  NASA 
funded  studies  and  the  80%  efficiency  is  that  projected  by  Hamilton  Standard  for  0.  8 MN,  35,000  foot  altitude  operation. 
The  lower  dashed  line  represents  actual  shaft  engine  BSFC's  and  these  are  projected  back  to  Prop-Fan  TSFC's,  again 
assuming  80%  efficiency.  It  can  be  seen  that  today's  shaft  engines,  typically  represented  by  the  GE  T64  and  DDA  501, 
do  not  exhibit  the  core  technology  of  today's  turbofans.  Comparable  technology  levels  will  be  approached  if  the  develop- 
ment of  derivative  shaft  engines  such  as  the  DDA  PD370-22  and  the  PWA  STS  476  is  pursued.  The  PD370-23  engine, 
initially  developed  for  the  Army's  Heavy  Lift  Helicopter,  exhibits  an  18%  improvement  in  BSFC  over  the  501-D22A 
and  this  increases  to  27%  with  the  PD370-22  or  STS  476.  The  "New"  engines  are  those  which  resulted  from  the  PWA 
and  GE  eng;  ic  studies  mentioned  earlier. 

It  is  anticipated  that  with  the  renewed  Interest  in  the  turboprop  and  the  Navy's  interest  in  a 100%  V/STOL  carrier 
based  fleet,  there  will  be  more  attention  devoted  to  new  shait  engines  exhibiting  the  technology  levels  projected  for 
turbofan  engines.  Table  2 Is  a listing  of  potential  shaft  engines  using  near-term  advanced  cores.  This  list  is  not  all 
Inclusive  and  it  is  expected  that  more  new  shaft  engine  configurations  such  as  the  PWA  STS  487  will  appear  in  the  next 
several  years. 


Table  1.  Growth  in  Turboprop  Thrusts 


Propeller 

Model 

Thrust* 
Level 
At  Intro 
Into  Service 

Thrust* 

Levels 

Without 

Changes 

Thrust* 
Levels 
With  Minor 
Hardware 
Changes 

% Change* 
Final/ Initial 

33LF 

1396 

1802 

2230 

60 

53C51 

2273 

3181 

3750 

65 

63E60 

6339 

7577 

8610 

34 

54H60 

6816 

8234 

8985 

32 

• Thruft  level!  ere  at  100  knot!  (135.2  km),  sea  level.  % change*  for  cruise 
are  comparable.  Pounds  thrust  x 4.446  - Newtons 


Table  2.  Potential  Prop-Fan  Core  Engines 

Take-off  Thrux  Class 

(Pounds  x 4.448  - Newtons)  Core  Engine 


~ x 

I / XT 

8 n - Turbofan  TSFC's  V 
Z.  U D based  on  published  data  \ 


Prop-Fan  TSFC's  based  on 
shaft  BSFC's  & 80%  fr 


Shaft  engine  BSFC's 
based  on  published  data 

• / 


Prop- Fan  TSFC's  with 
cores  comparable  to 
Turbofan 


Code 
• Existing 
4 Derivative 
■ New 


'Prop-Fan  BSFC's 
based  on  80%  fp 


1980 

Timeframe 


TSFC  = Lb/Hr/ Lb  x O.i  = Kg/Hr/N 
BSFC  = Lb/Hr/HP  x 0.608  - Kg/Hr/KW 


Figure  19.  Engine  SFC  Technology  Comparison 
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MISSIONS 


There  are  many  potential  missions  which  the  Prop-Fan  propulsion  system  would  enhance.  Table  3 is  a listing  of 
the  potential  new  aircraft  programs  for  which  the  Prop-Far.  la  ..oil  suited.  These  missions  all  involve  0.  8 MN  opera- 
tion or  less.  Specifically,  those  which  demand  operation  at  or  near  0.  8 MN  are  all  commercial  requirements,  i.e. , 
short,  medium,  and  long  haul  with  the  higher  speed  more  critical  with  increasing  range.  Other  potential  missions  are 
those  which  do  not  particularly  benefit  from  speeds  as  high  as  0.  8 MN.  These  include  military  transports  of  all  sizes 
and  commercial  freighters.  Of  particular  interest  are  the  first  two  listed,  the  relationship  of  which  will  now  be  dis- 
cussed. 

In  the  military  long  endurance  mission,  an  aircraft  cruises  to  a point  of  operation,  stays  "On  Station"  for  as  long 
as  possible,  and  finally  cruises  back  to  base.  The  objective  of  this  mission  is  to  maximize  time  on  station  within  rea- 
sonable limits  of  crew  endurance.  Transit  time  to  station  may  become  important  with  regard  crew  fatigue  depending 
on  the  distance  to  station.  The  P3  aircraft  is  an  example  of  a long  endurance  patrol  aircraft.  It  cruises  at  speeds  up 
to  about  0. 6 MN  and  while  on  station  its  airspeed  is  much  less  than  its  cruise  speed.  The  Prop-Fa”,  is  ideally  suited 
for  long  endurance  patrol  missions  since  a large  percentage  of  time  is  spent  at  low  flight  speeds.  The  Navy  is  pre- 
sently studying  a long  endurance /patrol  aircraft.  This  new  vehicle  is  likely  to  have  a higher  cruise  speed  than  the 
P3,  but  its  loiter  speeds  will  still  be  lower  than  its  cruise  speed.  It  can  be  seen  from  Figure  20  that  the  Prop-Fan's 
efficiency  improves  for  a loiter  situation  (on  station)  compared  to  a cruise  to  station  condition  for  which  its  propulsion 
system  is  designed.  This  is  opposite  from  the  turbofan  efficiency  characteristic  which  deteriorates  rather  than  im- 
proves at  loiter  speeds.  For  instance,  a Prop-Fan  designed  at  36.4  SHP/D2  for  35,000  foot,  0.75  MN  cruise  would 
have  a net  efficiency  of  about  85.  5%  when  it  is  operated  at  the  two  off -design  loiter  conditions  shown.  The  optimum  tip 
speed  is  still  800  ft/sec.  for  0. 45  MN  operation  but  at  0. 25  MN,  sea  level,  the  optimum  tip  speed  is  less  than  800  ft/ 
sec.  Unpublished  Navy  aircraft  studies  show  significant  benefits  with  the  Prop-Fan  over  the  turbofan  and  these  have , 
in  general,  confirmed  the  potential  indicated  by  a recent  in-house  Hamilton  Standard  study,  which  was  based  on  the 
following  ground  rules: 


• 4 hours  time  on  station  (TOS) 

• 2000  nm  radius  of  action  (ROA) 

• 0. 7 MN  cruise  speed  and  0.  8 MN  dash  speed 

• Comparable  airframe  aerodynamics  and 
engine  technology  as  turbofan  powered  aircraft 


• 7000  foot  maximum  takeoff  field  length 

• 180, 000  pound  airframe  takeoff  gross  weight  (TOGW) 

• 40%  useable  fuel/TOGW  ratio 


For  the  in-house  study,  four-engine  turbofan  and  Prop-Fan  powered  aircraft  were  configured  to  comply  with  the 
above  ground  rules.  Takeoff  field  length  sized  the  turbofan  while  the  Prop-Fan  was  sized  by  dash  speed.  This  re- 
sulted in  a Prop-Fan  engine  core  power  level  significantly  less  than  tho  turbofan  core  size.  The  aircraft  operational 
results  are  shown  in  Figure  21.  The  Prop-Fan  aircraft  at  180,000  pounds  TOGW  is  more  than  adequate  in  meeting 
the  TOS  and  ROA  ground  rules.  Figure  21  also  shows  a reduced  gross  weight  Prop-Fan  aircraft  which  more  than 
meots  the  ground  rules.  This  final  Prop-Fan  aircraft  has  a 28%  lower  TOGW  and  30%  lower  fuel  usage  for  a 39%  in- 
crease in  range,  compared  to  the  turbofan  powered  aircraft.  A further  reduction  in  rango  would  result  in  further 
gross  weight  reductions  and  fuel  savings  improvements,  however,  this  patrol  mission  requires  a specific  payload 
and  attendant  fuselage  size,  indicating  a floor  on  TOGW.  The  130,000  pound  Prop-Fan  aircraft  is  about  the  same 
weight  as  the  Lockheed  P3.  Compared  to  the  P3,  the  Prop-Fan  aircraft  carries  about  20%  me  re  payload,  has  a range 
more  than  double,  uses  less  fuel,  and  has  higher  cruise  and  dash  speed  capability. 


Table  3.  Potential  New  Aircraft  Programs 


Aircraft 

Production 

Start 

User 

Military  long  endurance/patrol 

Mid  80‘s 

U.S.  Navy 

Medium  haul 

Mid  80't 

Commercial 

Military  airl>ft/t?ctical 

Mid  M's 

U.S.  Air  Force 

Military  airlift/strategic/tanker 

Mid  80*s 

U.S.  Air  Force 

Military  carrier  based  patrol 

late  80s 

U.S.  Navy 

Short  haul 

Late  80  s 

Commercial 

Military  airiift/larga  long  range 
strategic/tenker 

late  GQ'v  Early  90*i 

U.S.  Air  Force 

tong  haul 

Early  90  s 

Commercial 

(8  Blades) 


Uninttelled 

efficiency 

|,!NETl 


90r 


851 


80r 


761 


0.45  MN  <*  20,000  ft  (609CMI  Optimum  tip  tpeed 


.f  yO  .26  MN  © S.l.  Optimum  tip  speed 


Operation  off 
design  at  ioiter 


y' 

0.76  MN 
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/244  MPS\ 

\ 10668  M/ 


Detign  cate 


i „■*  ■ i 1,  i 

^15  30  35  40 

Detain  SHf/O2  (SNP/D2  X 8.026  * kMI/U?) 


Figure  20.  Prop-Fan  Efficiency  Characteristics  for 
Long  Endurance  Missions 


Development  of  a new  Navy  long  endurance  aircraft  should  produoe  a propulsion  system  compatible,  with  only 
minor  modifications,  to  the  needs  of  a new  commercial  medium  haul  transport  In  the  mld-1980's.  This  would  be  a 
1500-2000  nm  design  range,  0. 8 MN  aircraft  slated  as  a possible  727  replacement.  As  mentioned  earlier,  Lockheed 
v.udled  such  a Prop-Fan  powered  aircraft  under  NASA  contract  and  reported  on  Its  work  in  Reference  7.  Table  4 
presents  data  for  the  Lockheed  aircraft  and  for  a new  patrol  aircraft  (P3  replacement)  typical  of  those  being  studied 
by  the  Navy.  It  appears  quite  reasonable  to  project  a course  by  which  Prop-Fan  propulsion  designed  and  developed 
for  Navy  requirements  could  also  be  used  with  minimum  changes  for  a new  commercial  medium  haul  aircraft.  Based 
on  the  historic  growth  potential  with  propellers  (Table  1),  making  the  transition  from  military  patrol  to  commercial 
medium  haul  requirements  should  be  routine.  The  Navy  aircraft  would  use  a smaller  diameter  Prop-Fan  whose  blad- 
ing might  have  aerodynamic  characteristics  which  are  slightly  different  from  the  0.  8 MN  commercial  requirements. 
The  increase  in  thrust  required  for  the  commercial  transport  would  probably  require  a blading  change  but  It  is  likely 
that  the  disc,  pitch  change  and  control  hardware  would  be  only  slightly  affected.  The  growth  In  horsepower  is  well 
within  the  capacity  of  the  DDA  T701  family.  The  horsepower  range  between  the  PD370-23  and  -22  is  projected  to  be 
from  about  8000  to  12000.  An  alternative,  perhaps  more  attractive,  path  to  the  derivative  medium  haul  commercial 
aircraft  would  call  for  the  Navy  to  employ  a propulsion  system  designed  for  0.  8 MN  from  the  start.  As  Indicated 
earlier,  very  little  efficiency  degradation  over  an  optimum  design  would  be  encountered  for  the  long  endurance/patrol 
operation  (see  Figure  15).  The  potential  of  this  approach  for  reducing  the  combined  start-up  costs  for  these  two  air- 
craft should  be  studied  carefully. 

It  is  anticipated  ths*  the  Prop-Fan's  versatility  may  permit  use  of  the  developed  Navy  long  endurance  aircraft 
propulsion  system  for  a military  tactical  type  transport  and  military  carrier  based  patrol  aircraft  as  well.  Such 
general  utility  is  typical  of  existing  turboprop  equipment  where  similar  propulsion  systems  are  used  on  tho  existing 
Lockheed  P3  and  C130  aircraft  ".nd  Grumman  E2  and  C2  aircraft.  The  precedent,  therefore,  has  been  set  for  the  suc- 
cessful adaption  of  a basic  Prop-Fan  propulsion  system  to  these  various  missions.  Such  missions  require  good,  low 
speed  thrust  and  low  speed  aircraft  control  and  have  been  effectively  served  by  propeller  type  equipment  for  many 
years. 
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Figure  21.  Long  Endurance  Mission  Comparison 


Table  4.  Aircraft  Requirements 


Mach  number 
Cruise  altitude  (tt.) 
Gross  weight  (lbs.) 

No.  of  engines 

Cruise  thrust  required 
per  engine  (lbs.) 

Maximum  horsepower 
per  engine 

Prop-fan  diameter  (ft.) 
No.  of  blades 


Mijitary 

Long  Endurance 
Patrol 

0.76 

35.000  (10668  M) 

176.000  (778.4  kN) 

4 

2750  (12.23  kN) 

9000  (6710.4  kW) 
11.6  13.64  M) 

8 


Commercial 
Medium  Haul 

0.8 

35,000 

220,000  (978.6  kN) 

4 

3360(14.9  kN) 

11000  (8201.6  kW) 
12.6  (3.84  M) 

8 


CONCLUSIONS 

Recently  completed  aerodynamic  model  testing  has  confirmed  initially  expressed  confluence  in  the  projected  high 
levels  of  Prop-Fan  performance  at  0. 8 MN.  There  is  little  doubt  that  the  required  80%  net  propulsive  efficiency  at 
the  selected  cruise  design  point  will  be  acitieved  in  the  near  future  Based  on  such  performance,  NASA  fundod  engine 
and  airframe  studies  have  confirmed  very  attractive  fuel  savings  and  operating  cost  reduction  potential  for  Prop-Fan 
powered  aircraft  designed  for  0. 8 MN.  Tiie  United  Airline  study  indicated  passenger  acceptance  of  such  aircraft 
provided  these  cruise  speeds  along  with  today's  traditional  passenger  comfort  levels  are  maintained. 

The  off-design  capability  of  the  Prop-Fan  has  been  examined  and  found  to  be  excellent  from  the  standpoints  of  low 
speed  performance  and  near  0. 8 MN  cruUe  SFC  optimisation.  Fuel  savings  of  the  Prop-Fan,  over  the  turbofan, 
should  grow  from  15-25%  for  0. 8 MN  operation  to  30%  or  more  at  less  than  0. 8 MN.  Accordingly,  the  Prop-Fan’s 
operational  versatility  is  well  suitec  for  a wide  range  of  potential  subsonic  missions,  both  military  and  commercial. 

In  particular,  initial  studies  show  that  an  advanced  Prop-Fan  powered  long  endurance  pat»ol  aircraft  would  benefit 
greatly  from  this  propulsion  system.  A derivative  of  the  powerplant  for  such  an  aircraft  should  also  prove  ideal  for 
an  advanced  commercial  medium  haul  transport,  and  should  find  uses,  perhaps  in  slightly  modified  form,  in  aircraft 
designs  for  other  specialised  missions. 

To  prepare  tor  production  development.  Government  support  ol  technology  research  and  advanced  development 
Is  essential.  The  planned  NASA  program,  if  fully  implemented,  will  accomplish  much  in  this  regal'd.  Supplementary 
support  from  other  Government  agencies  as  well  as  private  industry  will  also  be  necessary  if  the  full  potential  of  the 
Prop-Fan  is  to  be  realised. 
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DISCUSSION 


A.C.WiUmer 

Does  the  type  of  propeller  described  in  this  paper  have  any  significant  performance  loss  for  take-off  and  low  speed 
flight? 

Author’s  Reply 

1 did  not  have  time  obviously  to  cover  this  particular  area.  We  have  given  off  a significant  amount  of  the  thrust  aug- 
mentation which  the  conventional  propeller  provides  at  very  low  speed  however  the  laps  rate  compared  to  the  1 .5 
1 .6  pressure  ratio  turbofan  is  still  favorable.  So  far  providing  the  same  cruise  thrust,  we  are  still  providing  20'a 
higher  thrust  at  the  lift-off  and  higher  thrust  throughout  the  climb  regime.  So  this  aircraft  will  be  quite  different 
from  the  conventional  turbojet.  Once  it  gets  off  the  ground  the  climb  rate  of  the  turbojet  will  deteriorate  very 
rapidly  because  of  its  laps  rate. 

I would  also  mention  that  at  static  conditions  there  will  be  a modest  fall  off  of  thrust  because  of  a fairly  significant 
spanwise  stall.  This  washes  out  by  about  20  - 30  knots,  forward  speed. 


M.Dabbadie 

Pouvez-vous  nous  dire  quelle  est  la  vitesse  peripherique  au  point  d’adaptation  de  votre  prop-fan? 
Author’s  Reply 

The  rotational  tip  speed  is  800  ft/sec.  The  helicap  tip  speed  is  in  the  nature  of  1 . 1 Mach. 


R.M. Denning 

1 would  like  to  ask  Mr  Jackson  when  he  talks  about  a reference  turbofan  engine  from  which  he  gets  his  improve- 
ments in  efficiency.  Is  he  talking  about  the  standard  formula  for  todays  turbofans  which  have  a fan  pressure  ratio 
about  l .7?  Because  it  seems  to  me  that  if  we  are  looking  for  the  estimate  efficiency  all  the  turbofan  designers  will 
say  you  have  to  go  to  a lower  specific  thrust.  1 am  rather  anticipating  my  paper  but  in  all  the  design  studies  we 
have  done  there  is  another  1 57<  of  performance  to  come  just  by  optimising  the  turbofan  cycle,  probably  which  is  at 
0.8  Mach  just  about  to  cat  up  the  differences. 

Author's  Reply 

1 guess  we  would  really  have  to  ge*  into  detail.  I am  just  dealing  with  the  propulsion  efficiency  and  of  the  unit  ob- 
iously.  What  we  have  seen  from  the  studies  conducted  in  the  States  the  potential  for  advancements  is  not  anything 
uKe  the  numbers  that  you  are  stating.  I guess  1 am  really  not  in  the  position  to  comment  on  that  very  forceful.  I 
can’t  take  a very  strong  position  on  the  potential  for  propulsive  efficiency  of  this  kind  of  device  anil  where  it  can 
g *'  to  compared  to  fan  engines  of  today. 
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SYNOPSIS 


High  Bypass  Fan  Engines  offer  advantages  for  wide  speed-range  subsonic  aircraft  and 
those  requiring  high  relative  take-off  thrust  and  low  noise.  The  addition  of  variable 
pitch  adds  a steep  approach  path  control  facility  plus  a reverse  thrust  capability  and 
allows  optimisation  of  performance,  ratings  and  noise  but  imposes  certain  limitations  on 
fan  design.  The  results  of  work  leading  up  to  a demonstration  of  the  M45SD-02  variable 
pitch  engine  are  discussed. 


1 INTRODUCTION 


A variable  cycle  engine  must  have  the  ability  to  make  significant  changes  to  its 
thermodynamic  cycle  at  a particular  thrust  and  flight  condition  without  incurring  a per- 
formance and  weight  penalty  which  would  cancel  the  value  of  variability.  The  geared 
Variable  Pitch  Fan  can  claim  to  belong  to  this  class  of  engines  as  can  the  propeller  tur- 
bine and  the  variable  final  nozzle  Olympus  engine  on  the  Concorde. 

A number  of  experimental  variable  pitch  single-stage  fan  engines  have  now  reached 
the  test  bench  development  stage  and  one,  the  Turbomeca  'Astafan'  has  been  flying  for  some 
years  in  an  experimental  aircruft. 

As  with  many  innovations,  the  reasons  behind  the  use  of  variable  pitch  are  diverse 
and  complex.  In  the  various  applications  proposed  there  is  not  universal  acceptance  of 
the  need  for  such  a facility  although  many  believe  that  the  benefits  would  be  of  consid- 
erable value  and  a pattern  of  controversy,  of  some  similarity  to  that  of  the  late  1920s 
around  the  virtues  of  variable  pitch  propellers,  is  taking  place.  The  technical  issues 
are  somewhat  different.  In  the  case  of  the  propeller,  the  single  very  clear  need  was  to 
have  variability  in  order  to  be  able  to  exploit  the  full  power  of  the  piston  engine  at  all 
aircraft  speeds.  With  a ducted  fan  this  need,  while  desirable,  is  not  so  marked  since 
the  mis-match  in  fan  operation  that  occurs  across  the  aircraft  speed  range  is  small  by 
comparison.  This  is  because  control  of  the  air  velocity  at  the  fan  face  is  largely  domi- 
nated by  the  fan  propelling  nozzle  and  therefore  does  not  experience  much  effect  of  the 
aircraft  speed.  There  are  however  many  additional  advantages  which  collectively  make 
the  case  for  the  VP  fan  engine. 

A specific  example  of  a variable  pitch  engine,  the  M45SD-02,  built  by  Rolls-Royce  and 
Dowty  Rotol  with  the  assistance  of  SNKCiiA  and  the  financial  support  of  the  British  Govern- 
ment, is  examined  and  some  of  its  characteristics  described. 

Other  possible  uses  for  the  principle  are  discussed  and  in  the  final  part  of  the  paper 
consideration  is  given  to  the  advantages  and  disadvantages  stemming  from  the  use  of  such 
engiues  in  aircraft. 

2 DESCRIPTION  OF  A TYPICAL  VP  FAN  ENGINE 


Designs  so  far  have  been  eonfined  to  single-stage  units  driven  through  a reduction 
gear. Figure  l,  and  have  followed  generally  the  practice  for  propellers  with  respect  to 
stressing  and  integrity.  They  have  been  based  on  the  use  of  a mechanism  within  the  hub 
which  rotates  the  circular  roots  of  the  blades  by  either  mechanical  or  hydraulic  power. 

The  fan  aerodynamic  loading  and  vibrational  stress  constraints  on  blade  design  rather  than 
the  aeeosmodat ion  of  this  mechanism  and  the  blade  root  bearings,  which  have  to  restrain 
the  centrifugal  loads  of  blades,  have  dictated  a high  bub  to  blade  tip  diameter  ratio  - 
typieally  0.5.  Further  the  accommodation  of  the  root  bearings  tends  to  limit  the  number 
of  blades  (Figure  2). 

At  its  design  blade  angle,  the  aerodynamic  or  blade  profile  standard,  performance  and 
noise  ean  be  generally  as  for  a conventional  fixed  pitch  design  though  the  following  fac- 
tors say  result  in  departures: 

a)  The  blending  of  the  profiles  into  a circular  root. 

t»)  The  mode  of  achieving  reverse  pitch  if  thrust  reverse  is  a requirement.  To 
achieve ‘reverse  pitch* from  forward  pitch  via  the  fine  condition  requires  a 
blade-ehord-to-spaee  ratio  of  less  than  unity  in  order  that  the  blades  will  pass 
one  another.  This  ean  produce  a progressive  modulation  of  thrust  through  into 
rwverse  plteh  whereas  the  alternative  method  of  moving  to  reverse  through  eoarse 
pitch  and  stall  is  not  continuous  and  may  introduce  handling  problems. 


c)  Necessity  for  a cylindrical  fan  casing  in  order  that  the  blades  can  turn  and 
this  results  in  a shallow  hub  angle  tending  to  give  high  rotor  loading. 

d)  Restriction  on  the  number  of  blades  imposed  by  the  mechanical  arrangements  for 
accommodation  of  root  bearings  etc. 

Reference  1 details  these  mechanical  and  aerodynamic  points. 

The  operating  characteristics  that  have  been  shown  to  be  possible  from  estimation  and 
demonstration  are  as  follows: 

a)  Pressure  ratios  of  up  to  about  1.45.  The  limit  is  imposed  by  tip  speed  (blade 
root  bearing  stressing)  and  blade  chord  in  the  case  of  the 'reverse  through  fine' 
mode. 

b)  Efficiencies  of  better  than  85%  depending  on  pressure  ratio  and  blade  design 
(Figure  3). 

c)  Reverse  thrust  levels  of  35-50%  depending  on  direction  of  blade  rotation  to 
achieve  the 'reverse  pitch' condition  - the 'reverse  through  fine’results  in  an  ad- 
verse camber  of  the  blade  with  respect  to  the  reverse  air  flow  while  the'revorse 
through  feather’ has  a favourable  camber  condition  but  in  both  cases  the  blado 
twist  is  in  the  wrong  sense.  Reverso  thrust  levels  may  also  be  affected  by  the 
design  pressure  ratio  of  the  fan.  This  is  because  at  high  values  the  de-super- 
charging of  the  core  of  the  engine  resulting  from  the  reverse  of  the  fan  blades 
may  not  leave  enough  shaft  power  available  within  the  top  temperature  of  the 
engine  to  drive  the  reversed  and  now  relatively  inefficient  fan  up  to  maximum 
rpm. 

d)  Response  time  from  full  coarse  forward  pitch  to  full  reverse  pitch  of  the  order 
of  one  second. 

While  in  the  light  of  current  views  on  applicability  to  various  aircraft  these  charac 
teristics  appear  to  bo  well  matched  and  in  no  way  restricting  it  can  be  foreseon  that,  if 
required,  designs  having  for  exumplo  higher  pressure  ratio  and  a faster  response  could  be 
possible. 

3 ENGINE  DESIGN  AND  VARIABLE  PITCH 

A number  of  different  layouts  of  VP  fan  are  possible. 

The  following  examples  can  be  listed: 

A Single-shaft,  eg  Astafan. 

B Tviu-shaft  with  both  the  fan  and  an  intermediate  compressor  driven  by  a power 
turbine. 

C Twin-shafts  with  the  fan  alone  driven  by  a power  turbine. 

D Blow  fun  or  multistream  engine  specially  designed  for  Augmentor  Wing  or  similar 

aircraft . 

These  are  Illustrated  in  Figure  4. 

Experimental  versions  of  A,  B and  C are  now  in  existence  while  D has  been  projected. 

A The  Single-shaft  Engine  - By  attaching  a variable  pitch  unit  to  the  gas  gene- 
rator vta  a gearbox  and  Unking  the  bP  turbines  to  the  same  shaft  it  is  possible 

to  simplify  the  engine  layout  and  eontrol  the  gas  generator  speed  by  piteh  angle 

up  to  a governor  limit.  Such  an  engine  is  only  practicable  because  of  variable 
pitch  whleh  wakes  starting  possible  by  unloading  the  gas  generator  with  the  fan 
in  fine  pitch  during  the  starting  cycle. 

This  system  has  a progressive  disadvantage  as  the  gas  generator  pressure  ratio 
is  increased.  The  higher  compression  and  expansion  ratios  of  the  system  pro- 
duce an  inereasiug  annulus  area  change  across  the  eagtue  which  leads  to  the 
blade  stress  in  the  final  stage  of  the  turbine  dictating  the  shaft  speed  for 
the  rest  of  the  engine.  Figure  5 shows  that  this  leads  to  a rapid  increase  in 
the  number  of  compressor  stages  in  the  gas  generator  portion  of  the  engine  par- 
ticularly when  the  pressure  ratio  rises  above  §0:1. 

The  IP  turbine  profile  stress  parameter  chosen  for  these  particular  studies  is 
typical  of  the  limits  set  on  today's  current  rules  for  large  turbine  designs. 

It  might  be  argued  that  such  stresses  are  by  no  means  upper  limits  and  with  the 
necessary  incentives  could  be  increased.  A 33%  increase  in  stress  would  reduce 
the  number  of  stages  indicated  by  35%. 

Starting  powers  may  become  a problem  with  larger  high  pressure  ratio  engines. 

Fur  a small  thrust  size  of  engine  such  as  the  Astafan  where  a high  pressure 
ratio  is  not  justified  this  is  probably  the  optimum  layout. 

B The  Twin-shaft  with  hinked  Fan  and  Intermediate  Compressor  System 

For  larger  engines  %mere""H igfier- pressure_>aTios '“are  requf "red  to  combine  the 
highest  thermal  and  propulsion  efficiencies  then  Type  B is  probably  the  bes 
compromise.  The  centre  portion  of  the  engine  which  in  A would  otherwise  run 
at  unrealistic  tow  stresses  is  now  placed  on  a separate  shaft  and  run  at  per- 
haps twice  the  speed  of  the  LP/lb  system. 
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By  this  means  the  fan  is  speed  stabilised  by  this  IP  compressor  system  particu- 
larly in  fine  pitch  and  in  turn  the  fan  exerts  a positive  control  over  the  com- 
pressor speed  and  hence  the  core  flow.  Much  of  the  advantage  of  the  single 
shaft  concept  is  then  retained.  A consequence  of  this  system  creates  a mis- 
match of  the  IP  and  HP  compressor  exit  and  entry  flows  - a situation  which  can 
be  corrected  by  blow-off  between  the  compressors  in  extreme  situations. 

C The  Free-shaft  Variable-pitch  Fan  - In  this  case  the  fan  is  completely  inde- 
pendent of  the  gas  generator,  it  being  driven  by  a separate  LP  turbine  system. 
Because  the  fan  in  fine  pitch  has  little  power  absorption  the  steady  state  pitch 
setting  has  specific  limits  outside  which  it  cannot  go  without  danger  of  fan 
overspeed.  Its  operation  becomes  similar  to  that  of  a free-power-turbine  turbo- 
prop. The  scope  for  varying  the  cycle  is  very  limited  compared  with  A or  B. 

D The  Blow  Fan  or  Multi-stream  Engine  - This  typo  of  engine  is  a logical  oxten- 
sion  of layout  B in  that  the  incidental  blow-off  is  built  up  into  a permanent 
bleed  capability  which  can  be  varied  in  size  to  suit  an  aircraft  requirement 
for  largo  amounts  of  bleed  air  at  take-off  and  landing.  In  conventional  flight 
the  bleed  must  be  efficiently  exhausted  through  a propulsion  nozzle. 

The  fraction  of  bleed  thrust,  which  is  provided  determines  the  bypass  ratio  as 
shown  in  Figure  6.  When  80%  of  the  thrust  is  in  the  bleed  flow,  the  VP  fan  has 
ceased  to  have  any  relevance  since  the  flow  bypassing  the  IP  compressor  has  fal- 
len to  zero,  ie  the  fan  is  now  the  first  stage  of  the  IP  compressor. 

A good  compromise  layout  which  provides  the  right  amount  of  thrust  modulation 
by  the  VP  unit  would  have  40%  thrust  in  the  VP  fan  bypass,  40%  bleed  thrust  and 
20%  residual  hot  thrust. 

4 DEMONSTRATOR  ENGINES 

Engines  of  three  of  the  above  typos  have  been  built  and  run  to  demonstrate  the  geared 
VP  fan  principle,  viz  the  Astafan,  the  UK  demonstrator,  and  Hamilton  Standard  units.  The 
US  QCSEE  programme  is  also  underway. 

The  UK  demonstrator  constructed  by  Rol ls-Royce/Dowty  P.otol  is  designated  M45SD-02 
and  was  created  by  conversion  of  the  standard  M45H-01  (currently  in  service  on  the  VFW 
Fokkor  614  aircraft)  by  replacing  the  direct  drive  fixed  pitch  fun  with  a geared  VP  fan 
of  a lower  pressure  ratio  and  adding  a 4th  stage  to  the  LP  turbine.  The  layout  is  shown 
on  Figure  7. 

Apart  from  the  fan,  major  differences  from  the  M45U-01  are  as  follows: 

1 Addition  of  4th  stage  LP  turbine  with  increased  area  exhaust  unit. 

2 Bleed  duct  and  valve  at  IP  compressor  outlet  to  cope  with  changes  in  IP  compres- 
sor running  line  caused  by  altering  fan  pitch  and  hence  shaft  power. 

3 Swan  neck  duct  between  fan  and  IP  compressor  due  to  greater  hub/tip  ratio  and 
flow  of  VP  fan. 

4 Eplcyclic  reduction  gear  of  2.38:1  ratio  capable  of  transmitting  14000  shp. 

(Note:  This  gear  ratio  is  much  lower  than  for  a conventional  turbo-prop  and 
is  near  the  limit  for  eplcyclic  gearing.  Hence  it  was  necessary  to  prove  the 
design. ) 

5 Translatable  reverse-flow  intake  in  fan  outlet  duet. 

6 Noise  absorption  linings  in  fan  intake  cowl,  inner  and  outer  surfaces  of  both 

the  fan  outlet  duct  and  the  hot  jet  nozzle.  (Note:  A very  large  area  of 

acoustic  lining  was  employed  to  meet  a severe  STOL  noise  target.) 

The  cycle  was  based  on  a full  power  hot  eore  velocity  of  900  ft/see  aimed  at  achiev- 
ing a peak  noise  level  of  95  PNdB  at  500  ft.  The  engine  is  currently  on  test  with  the 
following  objectives: 

( i ) To  demonstrate  the  practicability  of: 

a)  An  engine  of  low  specific  thrust  and  high  efficiency  giving  a high  take- 
off/eruise  thrust  ratio  appropriate  to  the  steep  elimb  angles  of  STOL  aircraft. 

b)  A low  tip  speed  fan  made  possible  b»  use  of  a light-weight  epieyelie  reduc- 
tion gear. 

e)  An  engine  having  the  flexibility  of  control  and  rapid  response  characteris- 
tics achieved  by  the  use  of  a variable  pitch  fan  which  are  features  neeessary 
for  the  steep  approach  and  landing. 

d)  An  engine  designed  to  have  source  noise  not  greater  than  95  PNdB  at  500  ft 
under  forward  speed  conditions. 

e)  The  ability  to  achieve  reverse  thrust  levels  similar  to  those  of  a conven- 
tional reverser  by  means  of  the  variable  pitch  fan. 


(ii)  To  explore  and  investigate  the  characteristics  of: 

a)  The  engine  for  the  purpose  of  defining  and  exploiting  the  use  of  a control 
system  to  link  the  variable  pitch,  fuelling  and  spool  matching  facility. 

b)  The  noise  of  a variable  pitch  fan. 

c)  The  core  engine  exhaust  noise.  This  will  be  aided  by  the  ability  to  vary 
turbine  loading  by  changing  fan  pitch  setting. 

5 CYCLE  VARIABILITY 


To  be  able  to  control  the  engine  cycle  to  a significant  extent  with  this  type  of 
engine  it  is  necessary  for  the  fan  to  be  linked  to  the  gas  generator  as  in  types  A,  B and 
D;  otherwise  the  gas  generator  is  a semi-independent  unit  which  can  only  be  mildly  affec- 
tod  by  the  variation  in  fan  supercharge  brought  about  by  VP  (Type  C). 

The  cycle  variability  arising  from  the  use  of  types  A and  B VP  engines  is: 

(i)  Independent  control  of  cycle  pressure  ratio  and  thrust  for  a significant  part 
of  the  thrust  range. 

(ii)  Adjustment  of  specific  thrust  by  selection  of  an  appropriate  pitch. 

(iii)  Matching  of  fan  and  nozzle  characteristics  for  efficiency  and  handling  purposes. 

(iv)  Matching  of  gas  generator  flow  and  turbine  temperature  to  maximise  thrust  at 
non-standard  temperature  conditions. 

(v)  Selection  of  fan  operating  condition  for  optimum  total  engine  noise. 

(vi)  Selection  of  fan/lP  and  HP  compressor  speeds  to  provide  optimum  acceleration 
characteristics. 

(vii)  Reversing  thrust  with  depressurised  gas  generator. 

All  these  features  stem  from  the  fact  that  on  these  engines  tho  fan  pitch  uniquely 
controls  the  gas  generator  flow  while  the  fuel  flow  controls  the  HP  spool  speed. 

The  range  of  variability  open  is  illustrated  in  Figuro  8 which  shows  tho  comparative 
performance  of  the  M45SD-02  model  fan  at  both  design  blade  angle  varying  speed  and  design 
speed  varying  blade  angle. 

A typical  map  of  an  engine  operation  is  given  on  Figure  9 which  shows  the  massive 
control  of  the  thermodynamic  cycle  exercised  by  the  fan  pitch.  This  can  be  interpreted 
as  allowing  an  independent  selection  of  fan/ IP  speed  at  take-off  at  varying  intake  tem- 
perature while  TET  is  maintained  constant  at  a limit  value  leading  to  a result  such  as 
in  Figure  10  (Reference  2). 

Alternatively  the  VP  facility  can  be  used  to  select  the  optimum  conjunction  of  fan 
pressure  ratio,  compressor  and  fan  efficiencies  at  low  thrust  as  shown  in  Figure  1' 
(Reference  2).  This  can  lead  to  sfc  changes  of  the  order  of  5%  but  which  depe^  >h 
particular  combinations  of  component  characteristics  of  the  engine. 

Acceleration  from  low  thrust  levels  depends  on  the  matching  of  the  compressc.  > mo- 
tion relative  to  its  surge  line  and  the  level  of  pressures  in  the  core  engine.  The 
acceleration  torques  are  a simple  function  of  the  inlet  pressure  to  the  spool  to  be  accele- 
rated. Hence  if  the  fan/lP  compressor  cycle  is  maintained  at  high  speed  at  low  thrust, 
the  HP  compressor  spool  will  accelerate  far  more  rapidly  than  if  the  whole  of  the  gas  gene- 
rator is  rotating  at  low  speed.  In  addition  the  engine  has  only  to  increase  fan  pitch  to 
absorb  the  power  in  the  LP/IP  spool. 

The  single-shaft  engine  is  the  extreme  ease  where  the  engine  can  rotate  at  constant 
speed  and  almost  instantaneously  vary  thrust  by  changing  fuel  flow  and  blade  angle. 

On  the  Type  B engine  the  result  is  almost  as  good  as  with  Type  A as  shown  in  Figure 
12.  An  acceleration  time  of  1 second  d ctated  by  the  physical  limit  on  fuel  flow  change 
has  been  calculated  on  a dynamic  model  compared  with  about  4 seconds  for  an  equivalent 
fixed  pitch  engine  limited  by  surge. 

6 AIRCRAFT  APPLICATION 

For  various  reasons  it  can  be  seen  that  the  VP  fan  can  best  exploit  its  advantages 
in  engines  of  relatively  low  fan  pressure  ratio  and  speeifie  thrust.  A good  compromise 
probably  lies  in  the  range  1.3  - 1.4  pressure  ratio,  to  go  too  high  invites  excessive  fan 
unit  stress  and  to  go  too  low,  excessive  powerplaut  diameter. 

The  potential  applications  for  such  a lower  specific  thrust  engine  are: 

1 Short-haul  regional  airliners 

- (fuel  efficiency  and  correct  thrust  match). 

2 Long-range  anti-submarine  patrol  aircraft 

- (good  low  speed  sfe  and  ability  to  lift  off  high  take-off  weights). 

3 Military  tactical  STQL  transports 


- (high  take-off  cruise  thrust,  good  sfc,  superior  thrust  control). 

The  results  of  an  extensive  parametric  aircraft/engine  study  are  shown  on  Figure  13 
which  indicates  that  a 4000  ft  field  twin-engined  aircraft  has  its  performance  charac- 
teristic correctly  matched  with  a 1.35  fan  pressure  ratio  engine.  A four-engined  tacti- 
cal transport  design  for  STOL  (2500  ft  field)  would  be  just  matched  at  1,32. 

Many  of  the  merits  of  fan/cycle  variability  in  such  aircraft  are  clenrly  evident  but 
difficult  to  quantify.  The  tables  in  Figures  14,  15  and  16  summarise  the  results  of 
various  studies  to  evaluate  qualities  where  possible. 

One  particular  quality  of  note  Is  the  precise  thrust  control  at  near-zero  or  negative 
thrust  without  acceleration  problems.  This  can  be  of  use  on  approach  to  land  to  reduce 
flap  settings  and  noise,  on  descent  from  altitude  to  avoid  use  of  dive  brakes  and  to  main- 
tain high  rpm  values  in  icing  conditions.  Accessory  drives  and  cabin  conditioning  may 
also  be  made  simpler. 

7 PROGRESS  WITH  THE  M45SD-02  DEMONSTRATOR 


Completion  of  the  build  of  the  engine  was  achieved  in  early  1975  and  it  has  since 
been  undergoing  tests  as  planned  for  the  early  stages  of  the  programme  for  demonstration 
of  the  objectives  referred  to  above.  At  this  time  of  writing  (June  1976)  the  testing  has 
yielded  the  following: 

a)  Demonstration  of  easy  ar.d  reliable  starting. 

b)  Proof  of  the  design  concept  of  the  reduction  gear  by  running  at  maximum  speed 
over  the  full  range  of  «ower  of  the  engine. (ie  far.  blades  fully  coarse  pitch  to 
fully  f ine  pitch ) . 

c)  Achievement  of  maximum  design  static  thrust  of  lOOOO  lb. 

d)  Assessment  of  performance  over  a wide  range  of  speeds  and  fan  blade  angles. 

e)  A good  indication  that  the  full  power  noise  target  of  95  PNdB  at  500  ft  has  been 
achieved . 

In  addition  the  variable  pitch  mechanism  has  been  extensively  tested  at  all  speeds  on 
an  electric  drive  and  has  been  shown  to  have  all  the  intended  characteristics  of  response 
etc. 


This  situation  has  given  high  confidence  that  all  of  the  objectives  of  the  programme 
will  be  achieved. 

CONCLUDING  REMARKS 


The  Variable  Pitch  Fan  can  claim  to  produce  a variable  cycle  engine.  The  benefits 
of  this  variability,  while  not  in  any  one  case  overwhelming,  are  numerous  and  in  some 
cases  difficult  to  quantify  without  designing  a complete  system  and  checking  its  operation 

There  are  certain  specific  applications  where  such  an  engine  could  show  to  advantage. 

Demonstrator  programmes  are  in  hand  to  study  the  feasibility  of  the  new  features  such 
as  variable  mechanisms,  fan  aerodynamics,  gear  boxes,  noise  and  reverse  thrust. 
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Figure  14 

Merit  assessment  of  V.P.  fas  engined  aircraft 
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Figure  15 

Merit  assessment  of  V.P.  fan  engined  aircraft 
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Figure  16 

Merit  assessment  of  V.P.  fan  engined  aircraft 


16-11 


DISCUSSION 


A.HJackson 

Of  course  we  are  great  proponents  of  the  variable  pitch  fan  ourselves  and  we  are  continuing  to  work  on  it  very 
actively.  We  have  had  a great  deal  of  difficulties  over  the  years  showing  a performance  advantage  at  8/ 1 0 Mach 
number  and  we  pushed  this  very  very  hard.  We  would  really  like  to  do  this  and  the  only  way  we  have  been  able  to 
make  it  show  any  improvement  over  the  conventional  turbofan  and  propulsive  efficiency  at  all  is  to  do  exactly  the 
same  what  you  have  been  implying  and  what  Mr  Gray  was  covering  this  morning:  a greatly  shrunkened  or  shortened 
shroud  down  to  length/diameter  ratio  probably  under  I . Is  that  m the  major  gains  you  are  talking  about  which  are 
in  the  range  of  10  to  I S'/e?  Is  that  all  coming  from  that  or  are  there  other  areas  in  as  well? 

Author's  Reply 

Well,  a few  years  ago  when  we  were  involved  in  th< ;.c  STOL  studies  everybody  was  comparing  engines  with  very  long 
cowls  which  had  a large  amount  of  acoustic  treatment  and  1 think  that  the  results  of  these  studies  showed  that  you 
very  rapidly  lost  the  thrust  SFC  advantage  of  this  sort  of  engine  at  high  Mach  numbers,  because  of  the  installation 
penalties.  The  weights  of  those  engines  were  certainly  not  very  competitive.  1 think  you  can  still  come  down  to  a 
quite  iow  fan  pressure  ratio  and  maintain  a reasonable  thrust  to  weight  ratio  but  the  difference  is  that  we  have  now 
discarded  those  objectives  of  ultra-low  noise  without  discarding  the  idea  of  meeting  new  FAR  36  reduced  require- 
ments, With  minimum  length  fan  cowls,  our  estimates  indicate  that  the  penalty  for  installing  a high  bypass  engine  is 
very  fiat.  Therefore  any  gain  that  you  get  in  the  propulsion  cycle  or  the  thermodynamic  cycle  is  a direct  gain 
relative  to  the  conventional  lower  bypass  turbofan  engine. 


L' ASTAFAN 


Double-flux  A pas  variable  et  vitesse  constante 


par 

Joseph  Szydlowski 

SocietiS  TURBOMECA,  Bordes,  64320,  Bizanos,  France 
pr&entA  par 
Henri  Dabbadie 


TURBOMECA  presents  here  the  historical  background  of  the  different  variable  geometry  turbo-fan  engines  which  have  been 
experimented  for  the  past  twenty  years  and  whose  main  characteristic  is  a constant  speed  operation.  The  present  formula  which  is 
the  most  sophisticated  - is  more  specially  dealt  with  in  this  document:  it  includes  a FAN  whose  rotating  blades  have  a variable  pitch, 
thus  permitting  a correct  adaptation  to  the  different  flight  configurations. 


he  premier  "ASTAFAN"  a tourne  au  banc  d'essai  A la  veille  du  Salon  de  1 'Aeronaut ique  de  1969  et  a 

vole  pour  la  premiAre  fois  A la  veille  du  Salon  71. 

Dcpuis  ces  deux  dates,  des  centaines  d'essais  au  sol  et  en  vol  ont  Ate  effectues  et,  aujourd'hui, 

cette  experience  unique  peraet  d’y  voir  plus  clair  dans  le  domaine  de  la  propulsion  economique  entre 

mach  0,4  et  0,8. 

Depuis  one  dAcennie,  nous  Sonnes  habitues,  sur  les  gros  transports,  A la  formule  Double  Flux  qui  a 
apporte  un  gain  substantial  en  consoomation,  mais  ce  systeme  de  propulsion  etait  reserve  A l'aviation 
commercial e. 

Pour  l'aviation  d'affaires,  les  exigences  demandees  au  moteur  Atant  differentes,  il  etait  nccessaire 
de  rechercher  un  nouveau  coopromis  coQt-eff icacite. 

Si,  dans  le  pass!,  les  moteurs  civils  pouvaient  etre  derives  facilement  des  moteurs  militaires,  il 
n'en  n'est  plus  de  mime  actuellenent  du  fait  en  particulier  des  contraintes  nouvelles  relatives  A 1 ' econo - 
mie  de  carburant  et  A la  pollution. 

Le  problSme  se  complique  encore  pour  les  avions  d'affaires  legers  qui  demarsient  des  solutions  origi- 
nales  A leurs  exigences  particulieres.  On  ne  pouvait  done  pas  reprendre  pour  les  moteurs  de  cette  categorie 
le  m&ne  dessin  desoraais  classique,  en  double  flux,  double  corps  A vitesse  variable. 

L'  "ASTAFAN"  eat  nA  pour  cette  raison. 

C'est  en  fait  une  famille  de  moteurs  dont  les  caracteristiques  communes  sont  : vitesse  de  rotation 
constante  et  *‘FAN"  A pas  variable  entrain!  par  1 ' interned iairc  d'un  reducteur,  car  la  geomAtrie  variable 
est  necessaire  non  seulement  pour  le  destarrage  mais  aussi  pour  l'adaptation  optimale  aux  differentes  ca- 
racteristiques de  vol. 

Il  est  bon  de  rappeler  que  les  premiers  essais  au  sol  et  en  vol  d'un  moteur  A geometric  variable  ont 
ete  effectues  A TURBCNECA  au  debut  des  annees  50  avec  1’ASPIN  monte  sur  le  FOUGA  CEMEAUX. 


Dix  ans  plus  tard,  au  debut  des  annees  60,  1'Aubisque  construit  en  serie  pour  l'avion  SAAB  105  etait 
aussi  un  monocorps  dont  le  "FAN”  etait  equip!  de  volets  d’entree  variables  cooxne  sur  l'ASPIN. 

Cette  technique  de  la  circulation  variable  reprenait  les  principes  etablis  avant  la  guerre  par  Mr. 
Szydlowski  pour  les  campresseurs  de  sural imentat ion  des  moteurs  alternatifs. 

Les  progrAs  de  1 'aero-dynamique  des  compresseurs  trantsoniques Studies  depuis  les  annees  50,  conjugues 
A ceux  de  la  oAtallurgie,  ont  perais  de  franchir  le  pas  decisif  conduisant  a la  pale  actuelle  A pas  varia- 
ble. 

Des  essais  systAmatiques  tant  au  sol  qu’en  vol  ainsi  qu’au  Centre  Official  Franqais  (CEP),  ont  ete 
conduits  pour  determiner  1* influence  des  nombreux  paramAtres  influant  sur  le  rendement  et  le  bruit  tels 
que  i 

- des  rapports  de  rnoyeu  coopris  entre  0,4  et  0,55, 

- des  vitesses  pAriphAriques  comprises  entre  250  et  375  m/seconde  puisque,  grace  A plusieurs  rapports 
de  reduction  on  a la  possibilit!  de  balayer  un  grand  domaine  en  utilisant  le  meme  geuerateur  de 
puissance. 


u 


I 
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- des  profits  different*  pour  les  pales  mobiles  et  le  diffuseur, 

- un  nombre  de  pales  variables  pour  ces  memes  elements, 

- les  sections  de  sortie  des  flux  chaud  et  froid. 

Ainsi,  a l'heure  actuelle,  plus  de  300  configurations  differentes  ont  ete  essayees. 

L'utilisation  d'un  rAdueteur  intermAdiaire  permet  d'avoir  a sa  disposition  un  param&tre  supplAmeu- 
taire  et  d 'autre  part,  pour  les  dilutions  elevAes  envisagAes  dans  cette  faille  de  moteur,  sa  presence 
devient  Indispensable  pour  avoir  l'adaptation  voulue  aux  caracteristiques  du  decollage  et  du  vol  de  croi- 
slAre. 

De  plus,  ce  schAea  peraet  ia  mise  au  point  sAparee  des  deux  conseituants  principaux  : le  "FAN”  et  le 
genArateur  de  puissance,  le  meme  gAnerateur  pouvant  entratner,  nous  venons  de  le  voir,  dea  “FAN”  a diffe- 
rents  diaaAties  et  A des  vitesses  differentes,  de  maniAre  a optiaiser  1 'ensemble  pour  la  mission  dcmandAe 
A l'avion. 


A ce  propos,  il  eat  peut-etre  necessaire  de  revenir  aur  quelquea  notion*  simple*  lorsqu'ou  compare 
lea  "FAN"  de  differences  dilutions, 

Le  choix  de  la  dilution  n'eat  en  fait  que  la  consequence  du  choix  du  rapport  de  presaion  du  "FAN” 
qui  lui,est  determine  par  le  compromis  desire  entre  lea  performances  au  dficollage  et  en  vol  de  croiailre. 

La  Fig,  1 montre  les  variations  de  la  pouas£e  specif iquc  c'est-3-dire  de  la  pouatSe  du  flux  froid 

par  KW  fourni  en  fonction  du  rapport  de  pression  du  "FAN"  pour  different*  mach  de  vol. 

Dans  la  phase  decollage,  cotte  poussee  specifique  diminue  forteoent  loraque  le  rapport  de  presaion 

"FAN"  augmente,  mais,  pour  le  vol  de  croisiere,  lea  courbes  sont  beaucoup  plus  plate*  et  l'influence  du 
rapport  de  pression  est  beaucoup  moins  sensible,  Ainsi  1 'optimum  theorique  est  de  1,35  pour  mach  0,6  et 
1,42  pour  mach  0,8. 

Mais  on  volt  qu'on  peut  ameliorer,  si  c'est  necessaire,  de  10  Z la  pouss6e  au  decollate,  en  diminuant 
le  rapport  de  pression  en  ne  perdant  que  1 Z en  vol  de  croisiere. 

On  voit  ici  consent  optimiser  le  rapport  de  presaion  du  "FAN"  en  fonction  de  la  mission,  l'augmenta- 
tion  de  la  dilution  entrainant  un  diamStre  ct  un  poids  plus  grandspour  la  partie  "FAN".  Cette  dilution 
sera  ensuite  donnee  par  la  puissance  specifique  du  gendrateur,  comae  le  montre  la  Fig.  2, 

En  dehors  de  toute  consideration  de  deoarrage,  le  calage  variable  des  pales  du  "FAN"  est  une  ndces- 
site  pour  s'adapter  aux  lignes  de  fonct ionnement  correspondant  au  dccollage  et  au  vol,  puisque  le  rapport 
de  pression  du  "FAN”  n'etant  pas  sonique,  c'est  le  moyen  d'avoir  l'equilibre  des  puissances  et  des  dibits. 

La  Fig.  3 represents  les  variations  de  debit  pour  un  "FAN"  de  rapport  de  pression  de  1,5  nominal  de 
dilution  de  5 A 7 suivant  la  puissance  specifique  du  gdndrateur. 

En  vol  et  A mach  0,7  par  exemple,  le  dibit  redui t augments  de  10  X et  le  rapport  de  presaion  passe 
8 1,56,  point  se  situant  encore  dans  une  zone  de  bon  rendement.  Une  geometric  variable  n'eat  done  pas 
necessaire. 

Par  contre  (Fig.  4),  si  le  rapport  de  pression  nominal  choiai  pour  le  "FAN"  est  plus  faible,  1,3  par 
exemple,  s'eloignant  done  de  la  valeur  sonique,  le  point  de  fonct ionnement  se  situerait  sans  pales  varia- 
bles au  point  C,  en  vol  de  croisiere. 

Grace  au  pas  variable,  le  diagracme  compresseur  se  d£place  ainsi  que  lea  iso-rendements  vers  les 
grands  debits  et  le  nouveau  point  de  fonct ionnement  pourra  se  situer  en  C'  avec  un  bon  rendement. 

Pour  des  points  de  croisidre  3 mach  plus  faible,  le  rapport  de  pression  du  "FAN”  pourra  etre  choiai 
inflrieur  3 1,3  pour  avoir  le  rapport  pousade  dicollage  desire. 

pouasde  croisiSre 

Le  "FAN",  etant  done  3 pas  variable,  peut  etre  entrain!  par  une  turbine  3 un  seul  arbre,  le  dfcurrage 
s’effectuant  facilement  en  position  "petit  pas”. 

Co  schema,  comparable  au  turbo-propulseur  3 un  seul  arbre,  en  possede  toutes  les  caracteristiques  de 
simplicity,  da  regulation  et  de  facilite  de  pilotage. 

La  regulation  de  la  turbine  maintient  la  vitesse  de  rotation  constante  3 la  valeur  choisie  pour  les 
conditions  optimales  de  dlcollage,  de  montee  ou  de  croisiere. 

La  manette  de  puissance  agit  directement  sur  le  pas  du  "FAN",  les  variations  de  poussSe  demandie* 
pouvant  s'effectuer  ainsi  en  une  fraction  de  seconde,  puisque  la  vitesse  de  rotation  est  maintenue  cona- 
tante. 


En  configuration  de  descents,  toujours  3 vitesse  de  rotation  constante,  on  peut  choisir  un  paa  de 
“FAN"  negatif  donnant  un  freinage  appreciable  permettant  d'augmenter  1 'angle  de  deacente,  sans  neceaaiter 
des  aerofreins. 

Pendant  la  deacente,  le  cond it ionnement  de  la  eabine  est  correctement  aasurd  car  le  rapport  da  pres- 
sion du  compresseur,  3 vitesse  constante,  ne  chute  que  faihlement,  20  Z environ,  eatra  la  paa  de  croisiire 
et  le  pas  de  deacente  du  "FAN". 

Ceci  est  un  avantage  important  car  avec  les  moteurs  double  corps  on  est  obligl,  en  descents,  de  nain- 
tenir  une  vitesse  de  rotatiou  elevee  pour  assurer  une  combustion  correcte,  le  conditionnement  et  eventuel- 
lement  le  deglvrage,  ce  qui  entratne  une  poussee  reslduelle  importance  ndeessitant  1 'utilisation  d'alro- 
freins  puissant*  et  une  consoamatiou  inutile  de  csrburant. 

Avec  les  double  corps  3 vitesse  variable,  on  est  conduit  pour  les  mimes  raisons  3 un  cycle  tkermo- 
dynamique  3 fort  taux  de  compression  pour  que,  en  descente  et  3 poussee  rdsiduelle  admissible.  Is  pression 
de  sortie  compresseur  soit  suffisante,  Ceci  entratne,  pour  une  mens  puissance  nominate,  une  augmentation 
du  nombro  d 'Stages  du  compresseur  et  done  des  turbines,  ee  qui  augmente  la  complexity  de  la  turbine  et  son 
prlx,  nais  aussi  sou  poids  specifique,  4‘autant  plus  que  la  puissance  splcifique  par  Kg  d'air  primaire  est 
maximale  pour  uu  rapport  de  pression  veiein  de  12  3 14  pour  les  readements  et  temperatures  actuals. 

Tenant  compte  de  ces  considerations,  nous  avons  entrepri*,  depuls  1971,  une  experimentation  en  vol 
sur  un,  puis  r!ce<an<;nl , un  deuxifiae  AERO-COMMANDER  sur  leaquels  des  "ASWAN"  de  different*  types  out 
r emplace  les  turbo-propulseurs  d'origine. 


L**  premiere  "ASTAFAN"  utiliaaient  comma  glnfrateur  de  puissance  l'ASTAZOU  16  da  1000  ch,  Actual- 
lamant,  1* tapir iaanta tion  at  pourauit  avac  l'ASTAZOU  20  da  1400  ch , qui,  an  turbina  de  bate,  a una 
consooaation  spAciflque  da  210  g/cb.h  (.47  Lb/KP/b)  bian  qua  la  rapport  da  pression  nominal  at  aoit  qua 
da  9,6. 


Entralnant  un  "FAN"  donaant  1,25  da  praaaion,  avac  una  dilution  da  II,  la  pouaate  au  point  fixe  aat 
supdrieure  A 1000  Kg  pour  una  conaocnation  spdcifique  da  0,31. 

Compard  1 un  doubla  flux  1 gdomdtrie  fixa  dont  la  "FAN"  a un  rapport  de  praaaion  da  1,5/1 ,6  at  una 
dilution  de  3 da  mime  compression  totala  at  da  mime  poussde  an  croisiire  (par  example  A 30  000  pieda  at 
aach  0,65\on  obtiant  35  Z da  plua  da  pwusade  au  point  fixe,  25  Z A mach  0,2,  10  A 15  Z an  montde  pour  un 
poida  da  10  Z supdrieur. 

la  daacanta  paut  aa  faira  avec  una  panta  augment ee  grice  A la  possibilitd  da  frainaga,  tout  an  dimi- 
nuant  la  conaooBation, 

Quant  au  niveau  du  bruit,  lea  viteaaea  pdripheriques  d'un  "FAN"  donnant  1,25  da  praaaion  aont  voiainea 
da  260  a/aac.  (Fig.  5)  contra  450  a/aac.  pour  1,55,  lea  conditions  daa  noraea  acouatiquaa  officiellea  aont 
plua  facilement  respectdea. 

Pour  toutaa  c aa  raiaona,  catta  formula  da  "FAN"  A paa  variable  et  vitaaaa  conatante  noua  par sit  un 
bon  coaproaia  en  ca  qui  roncerne  le  bruit,  le  poida  spdcifique,  la  consoonation  et  lea  parforaancea  rela- 
tives de  ddcollage  et  de  croiaiire.  Le  pilotage  aat  facilitd  par  la  poaaibilitd  de  verier  rapideaant  la 
niveau  de  poussde,  augaantant  la  facteur  de  sdcuritd  particuliircment  A l’attarriaaaga  (Fig.  6). 

Cea  conaiddrations  aont  la  synthise  da  7 ana  d'eaaaia  at  de  plua  de  10.000  heurea  de  miae  au  point 
et  d' endurance  dont  2.500  en  vol. 

Pour  terminer,  noua  ivoquerona  une  utiliaation  non  encore  experiment £e,  maia  qui  pourrait  acre  trie 
importante  pour  las  aviona  STOL  utiliaant  1 'hyper sus tent at  ion  par  soufflage. 

La  Double  Flux  monocorpa  A viteaaa  conatante  offre  la  possibilitd  de  prdliveaent  d'air  important  au 
ddcollage  maia  auaai  A l'atterriaaagc  et  A poussde  rdduite,  car  la  viteaae  de  rotation  dtant  maintenue 
conatante,  cet  air  eat  aenaiblement  au  mime  niveau  de  praaaion  dana  lea  deux  configurations  et  le  dibit 
de  soufflage  eat  done  dgalcmcnt  le  mime  dans  lea  deux  caa,  et  pourrait, mens,  itre  supdrieur  A l'atterisaa- 
ge,  puiaque  le  niveau  thermique  du  motaur  eat  plua  faible. 

Ceci  ne  peut  etre  obtenu  que  grace  A la  poasibilite  de  maintenir,  A poussde  rdduite,  la  viteaae  maxi- 
male de  rotation  du  moteur. 

C’est  pour  toutes  cea  raiaona  que  Mr.  Sxydlovski  eat  particulidrement  attache  A cette  fotmule. 
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LE  PULSO-REACTEUR  POUR  REGIME  SUBSONIQUE  ELEVE 
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RESUME 

L'auteur  expose  bridvement  les  r&sultats  d’fetudos  prfeliminaires  menfees  sur  un  rfeacteur 
9ans  soupape,  d combustion  pulsee  influencfee  par  la  frfequence  dc  l'onde  de  choc  frontale, 
avec  passage  au  regime  continu,  dont  la  gamme  de  vitesses  atteint  Mach  0,9. 

A divers  stados  des  essais-  fontiamentaux,  on  a fetudife  en  detail  les  paramdtres  essen- 
tiels  et  dfeterminfe  leur  influence  sur  les  caracteristiques  de  poussfee  et  la  consommation 
de  carburant.  On  a pris  soin  de  connerver  la  simplicity  de  conception  du  moteur  d'essai 
afin  d'obtenir  un  systdme  propulsif  peu  coOteux  pour  missiles  guidfes.  Les  recherches  ont 
fetfe  men&es  sur  des  montages  d ’essais  avec  jet  libre  et  vitesse  rfeduite  S l'arridre  du 
moteur  du  fait  de  l'&coulement  limitfe.  Les  essais  ont  dfemontr&  que  les  moteurs  de  ce  type 
pr&sentent  des  caract&ristiques  fonctionnelles  stables. 

II  ressort  des  rfesultats  d'essais  que  l'on  peut  utiliser  ce  moteur  dans  deux  versions: 
soit  comme  moteur  consommable,  soit  cornrne  moteur  ro-utilisable  de  faible  prix  de  revient. 

Au  cours  des  essais  fondamentaux,  on  a fegalement  realise  le  passage  aux  conditions  du 
stator&acteur.  En  outre,  l'une  des  versions  de  ce  moteur  peut  Stre  congue  comme  un  gfenfe- 
rateur  de  gaz  intermittent  pour  turbines  a gaz  de  petites  dimensions  dont  les  gaz  d'fechappe- 
ment  actionnent  un  rotor  de  turbine. 


LISTE  DE  SYMBOLES 
A 

FBrut  (kp) 
fn  dtp) 

FResist.int. 

M 

m/m 

P (ata) 

Pcab.  (atm  relJ 
P/P 

SFC  (kg/Kph) 
t (*C) 

T <*K) 
t (ms) 

V (m/s) 


= Section 

= Poussee  brut 

= Poussee  nette 

» Resistance  interne 

<=  Nombre  de  Mach  d'  ecoulement 

= Rapport  de  masses  correspondent  aux  debits 

• Pression 

■ Pression  d* in jection  de  carburant 

• Rapport  de  pressions 

■ Consommation  specifique  de  carburant 

= Temperature 

=>  Temperature 

o Temps 

a Vitesse 


1 . HISTQRIQUE 

La  premiere  mfethode  pour  la  generation  de  gaz  ehauds  moyennant  une  combustion  pulsa- 
toire  fut  documentfee  dans  un  brevet  de  Esnault-Pelterie,  il  y a environ  70  ans,  et  e'est 
en  1909  que  Mareonnet  a dfeveloppfe  le  premier  pulsa-rfeaeteur  pour  la  gfenferation  d'une 
poussfee  directe.  Plus  tard,  en  1930,  SCHMIDT  obtint  un  brevet  coneernant  des  "rfeaeteurs  fe 
fonctionnement  pferiodique“  et  ses  fetudes  formaient  la  base  du  pulso-reaeteur  qui  devait 
Stre  rfealisfe  plus  tard  sous  le  nom  de  “type  As-014“  de  la  maison  ARGUS,  d fonctionnement, 
selon  le  prineipe  de  clapets  (1/2).  En  France,  la  Socifete  SNECMA  eommenga  le  dfeveloppement 
de  pulso-rfeaeteurs  sans  felfements  mecaniques  (clapets)  en  1942,  fetudes  qui  furent  inten- 
sifies depuis  1947.  Des  rfealisatians  feprouvfeea  telles  que  les  pulso-rfeaeteurs  3340 
E3eopette,  Eerevisse  et  HS  1 dfenotdrent  de  nouvelles  mfethodee  de  dfeveloppement. 

En  1962,  la  nouvelle  rfepandue,  coneernant  des  essais  avec  un  pulso-rfeaeteur  dont  1'entrfee 
fetait  d'une  configuration  spfeeiaie,  fut  aecueillie  avec  grand  intferfet. 

Grace  a eette  nouvelle  configuration  aferodynamique,  ii  fetait  possible  d'obtenir  un 
fonctionnement  des  rfeaeteurs  avec  des  vitesses  d'feeoule&ent  fegales  a M » 0.39,  avec  une 
poussfee  nette  croissante.  (3/4). 

Dans  les  annfees  de  1955  et  1996,  des  fetudes  d 1'Instituto  Aerotfeenieo  de  Cferdoba  en 
Argentine  avaient  pour  but  des  sferies  de  sesuree  sur  lee  deux  systdmes,  e‘est-d-dire 


des  rfeacteurs  a et  sans  clapets,  sur  dcs  rfeacteurs  d'essai,  aferies  dont  les  rfesultats 
furent  compares  les  uns  aux  autres,  pour  autant  que  c' feta  it  possible,  tout  en  gagnant  de 
nouvelles  experiences.  Cependant,  par  manque  d'uno  soufflerie,  les  recherches  durent  se 
limiter  au  point  fixe  (5)  . 

En  Amferique  du  Nord  et  en  Angleterre,  des  fetudes  technico-scientif iques  ont  fetfe 
rfealisees  aussi  dans  ce  domains  au  cours  des  annfees  passfees. 


2.  OBJET  DES  RECHERCHES  SUR  DES  PULSO-REACTEURS  DANS  LA  RPA,  A PARTI R DE  1945 

Aprfes  des  travaux  prfeparatoires  concernant  des  recherches  sur  des  pulso-rfeacteurs, 
des  essais  furent  entamfes  en  1970  dans  la  RPA,  avec  le  but  d'fetudier  des  pulso-rfeacteurs 
sans  clapets,  fetudes  qui  se  basaient  sur  des  brevets  accordfes  en  connexion  avec  des 
travaux  rfealisfes  et  licencifes  en  Argentine. 

II  s'agissait  Id  d'un  programme  d'expferimentation  qui  devait  fitre  rfealisfe  en  colla- 
boration avec  la  DFVLR  i Braunschweig.  L'object  des  recherches  fetait  intitulfe  "Recherches 
sur  des  composants  d'un  stato-rfeacteur  a plusieurs  phases  de  combustion".  II  fetait  clair 
que  l'air  d'fecoulement  dont  on  pouvait  disposer  auprfes  du  Luftzentrale  (Centrale  d'Air)  4 
Trauen  devait  servir  exclusivement  pour  1 'alimentation  d'air  du  rfeacteur  d’essai. 

Pour  la  pleine  alimentation  du  tuyau  d'admission,  cette  quantitfe  d'air  fetait  suffisante 
jusqu'a  un  nombre  de  Mach  M =*  1,5.  Tout  d'abord  les  fecoulements  d'air  sur  le  rfeacteur  et 
surtout  sur  la  partie  arriere  de  celui-ci  ne  furent  pas  pris  en  considferation.  Conformfe- 
ment  a ces  conditions,  le  banc  d'essai  dtait  done  dispose  de  la  sorte  a offrir  les  con- 
ditions d'un  banc  pour  rfeacteurs  4 tralnfee  libre. 

Le  programme  d’essai  projetfe  devait  dfemontrer  les  phfenomfenes  gazodynamiques  «<irgis- 
sants  dans  le  tuyau  pendant  les  essais  du  rfeacteur  et  en  plus,  il  fallait  traiter  des 
problfemes  de  combustion  tels  que  stabilisation  de  flamme  et  changement  du  fonctionnement 
intermittent  en  fonctionnement  continu,  pour  surmonter  de  cette  manifere  la  limite  de 
vitesse  qui  se  trouvait,  pour  des  modfeles  de  sferie,  aux  environs  d'un  nombre  de  Mach  M = 
0,5  (2),  tout  en  transposant  cette  limite  au  voisinage  de  la  vitesse  du  son.  A cStfe  de  ce 
programme,  l'on  menait  dans  la  RFA  des  recherches  simultanfees  sur  un  pul so-rfeacteur  a 
composants  mobiles,  recherches  qui  devaient  atteindre  un  but  pareil.  (6). 


3.  BUTS  DU  PROGRAMME  0* EXPERIMENTATION 

Afin  de  saisir  le  changement  d'fetat  thermodynamique  ou  bien  de  dfeterminer  un  fetat 
gazodynamique  d'un  ecoulement  constant,  il  suffit  d'avoir  une  notion  d'une  part  des 
grandeurs  de  la  vitesse,  de  la  pression  statlque,  de  la  temp&rature  statique  respect ivement 
de  la  pression  totale,  de  la  tempferature  totale  et  du  nombre  de  Mach  dans  une  section 
d'fecoulement  dfeterminfee. 

Pour  des  propulseurs  a combustion  pulsatoire,  un  autre  paramfetre  est  requis,  c'est-d-dlre 
un  changement  d'fetat  gazodynamique  fe  tout  temps  et  partout.  En  plus,  les  sections  de 
1'fecoulement  a l'intferieur  du  rfeacteur  sont  en  partie  trfes  difficile!  a dfeterminer  en  vue 
de  1 ‘existence  simultanfee  d'fecoulements  partiels  qui  sont  contraires  l’un  a 1 'autre.  Le 
proefedfe  de  prise  de  la  moyenne  ou  d’ approximation  ne  peut  fetre  utilisfe  que  sous  certaines 
conditions  pour  dfeterminer  ces  fecoulements  instationnaires.  11  n'est  done  pas  possible  de 
rfealiser  un  caleul  exact  de  tous  les  processus  qui  se  dferoulent.  Par  des  conditions  d'une 
interaction  rapide  et  successive  des  fecoulements  tant  pour  des  tuyaux  ouverts  dans  un 
sens  et  tout  particulifereraent  pour  ceux  ouverts  dans  les  deux  sens  (modules  sans  elapets) , 
les  diffferents  composants  d'un  rfeaeteur  eomnarfes  a un  milieu  a feeoulement  unilatferal  prfe- 
sentent,  en  partie,  un  double  mode  de  fonctionnement. 

Air.si,  1'entrfee  est  non  seulement  a concevoir  pour  une  admission  maxima  d'air  frais,  mais 
aussi  d'une  manifere  eonvenable  pour  ies  gaz  d'f.chappement  sortant  en  amont.  Le  jet  du  car- 
burant  introduit  4 1'entrfee  doit  avoir  Ces  qua^ites  d'une  diffusion  favorable  a 1‘fegard  de 
la  formation  momentanfee  du  mfelange  taut  en  produisant  un  effet  f reinant,  comme  celui  d’un 
elapet  d'fetranglement,  pour  des  gaz  d ' fechappement  en  amont.  La  partie  arrifere  de  la  eham- 
bre  de  combustion  prfesente,  elle  aussi,  un  fonctionnement  multiple  pour  autant  qu'elle  est 
d'une  eertaine  robustesse,  ainsi  que  la  partie  d ' fechappement  arrifere,  des  caraetferist iques 
qui  sont  dttes  4 1* influence  de  l'air  et  des  ga*  rfesiduels  en  aval.  Dans  ce  eas  14,  selon 
le  utincipe  du  contre-courant,  de  l'air  et  des  gas  rfesiduels  et  pferiphferiques  peuvent 
penfetrer  dans  1'entrfee  dfejfe  pendant  la  sortie  des  gaz  chauds.  De  diffferentes  mfethodes 
d' approximation  et  des  fetudes  concernant  des  projets  de  pulso-rfeacteurs  furent  rfealisfes 
pendant  ies  annfees  prfeefedantes  en  se  feasant  sur  les  caraetferistiques  et-  les  performances 
de  ces  rfeacteurs,  mfethodes  dans  lesquelles  les  phfenomfenes  d'fecoulement  et  de  combustion 
de  mfeae  qu'une  fevaluation  des  autres  possibilitfes  de  dfeveloppement  furent  plutfet  nfegligfes. 
Cet  fetat  ds  choses  fetait  la  raison  propreaent  dite  pourquoi  la  tSche  eitfee  en  haut  fut 
dferoulfee  de  la  sorte  que  son  objet  principal  eonsistait  en  un  orograame  d'expferimentation. 

La  eonsoaaation  spfecifique  de  cavburant  favorable  jusqu'alors,  pendant  le  fonction- 
neaent  au  point  fixe  des  rfeacteurs  sans  elapets  vis-4-vis  de  ceux  nw  clapets  indiquait, 
pour  une  conception  de  missiles,  une  eertaine  supferioritfe  des  rfeacteurs  eitfes  en  premier 
lieu,  pourvu  qu'il  fetait  possible  d'obtenir  des  valeurs  4 peu  prfes  pareilles  avec  1‘fecoule- 
ment. 

En  afeae  teaps  il  fallait  limiter  la  combustion  4 la  ehaabre  de  combustion  elie-afeae, 
tout  en  fevitant  un  dfeplacesent  de  la  flamme  dans  le  sens  d ' fechappement . Ce  pfeenoafeoe 
s'fetait  produit  sur  le  rfeacteur  AS-014,  avec  extinction  consfecutive  du  rfeacteur. 


'i 
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Une  comparaison  de  ces  consommations  specifiques  de  carburant  prouvait  que  lea  valeurs  de 
consommation  des  rfeacteurs  sans  clapets  se  montaient  jusqu’d  la  moitife  environ  de  celles 
de  rfeacteurs  d clapets. 


4.  PROGRAMME  D’ ESSAIS  REALISE  AVEC  DES  V1TESSES  MOYENNES  (RECHERCHES  DE  COMPOSANTS) 


4.1  Fonctlonnementa-rfeacteurs  d des  vitesses  d’fecoulement  d l’entrfee  correspondantes 
i M = 0.57 


Lea  premidres  sferies  de  mesurcs  exfecutfees  sur  le  terrain  d’essai  ie  la  DFVLR  a 
Trauen  furent  rfealises  avec  un  rfeacteur  d’essai  dont  la  configuration  fetait  celle  du 
I A M E Escopeta,  d l’exception  de  quelques  divergences  insigriifiantes  (Planche  de 
fig.  1).  Pour  les  essais  l’on  pouvait  s’appuyer  sur  des  recherches  partielles  mentis 
d c6rdoba.  Le  developpement  du  systfeme  d’ injection  du  carburant  sous  pression 
elevee  comporta  des  rfesultats  favorables. 

En  connexion  avec  la  section  type  ’’Borda’*,  le  jet  de  combustible  fechappant  qui 
sc  dfeplagait  d la  fagon  d’un  jet  oscillant  d’un  c3ne  creux,  servait  d’un  vrai  clapet 
d’etranglement  vis-a-vis  des  gaz  sottant  vers  l’amont.  Par  le  positionnoment  de  ce 
brlleur  et  grSce  a une  augmentation  dr  la  pression  du  carburant  jusqu’d  une  valeur 
de  30  atm  rel.  pour  des  vitesses  d’feeoulement  felevfees,  cet  effet  d’fetranglement  put 
Stre  conservfe,  de  manifere  que  les  sferies  de  mesures  pouvaient  fetre  exfecutfees  jusqu’i 
une  valeur  de  M * 0. 57.  La  planche  de  figure  1 montre  aussi  les  consommations 
specif iques  de  carburant  pendant  la  pferiode  en  question  en  fonction  de  la  pression 
d‘ injection  du  carburant  et  les  poussees  statiques  ainsi  que  l’examen  conduit  moyen- 
nant  une  barre  d'essai  pendant  le  fonctionnement  du  rfeacteur  au  point  fixe,  afin 
d'obtenir  des  resultats  concernant  ie  dfeploiement  du  cSne  de  carburant,  la  formation 
du  melange  et  la  combustion  de  mfeme  que  la  rfecirculation,  phfenomfenec  visibles  par 
les  traces  d’oxydation  survenues  aprfes  un  fonctionnement  du  rfeacteur  pendant  une 
durfee  de  5 minutes. 


4.2 


li  s'avferait  utile  de  monter  un  brtlleur  supplfementaire  et  axialement  orientable 
(voir  sehfema  Planche  de  Fig.  2) . En  vue  de  faeiliter  les  conditions  d’essai,  le  tube 
d’admission  teleseopique  ainsi  que  le  deuxifeme  brflleur  furent  fixfes  (voir  schema  en 
dessous,  Planche  de  fig.  2).  Pendant  d’autres  essais  d’feeoulement  i'on  a pu  atteindre 
M = 0.72.  Aprfes  montage  de  stabilisateurs  rigides  de  flamme  dans  la  ehambre  de  com-^ 
bastion,  des  essais-rfeacteurs  furent  rfealisfes  avec  des  vitesses  d’feeoulement  jusqu’d 
M « l,  essais  au  cours  desqueis  la  consommation  de  carburant  augmenta  sensiblement 
a cause  du  type  d'accroc he- flamme  choisi  (Planche  de  fig.  3>  diagramme  d gauche) . 

Par  eontre,  ee  montage  permit  un  perfect ionheme.nt ’’de  1 a "ehambre  de  combustion  quant 
d une  variation  de  son  volume  et  de  sa  configuration  (des  eonf iguratiens  felancees  ou 
eonvexes) . La  stabilisation  des  flammes  dfesir^e  Cut  obtenue  d tous  les  fegards  avec 
des  vitesses  d’feeoulement  jusqu’d  M » 1,  eitfees  en  haut. 


Ponctlonnements-rfeaeteura  d des  vitesses  d’feeoulement  d l’entrfee  correspondantes 
a "it  "=  '0. 7 et  plus  hautea 


Injection  du  earburant 


Ces  essais  fetaient  prfeefedfes  par  une  autre  fetude  partielie,  qui  ava)t  pour  but 
le  ehoix  optimum  dee  brdleurs  a employer.  La  il  fetait  possible  de  se  servir  des  feeudes 
de  jeling  (8)  pour  obtenir  des  feciaireisseaents  sur  1 ‘angle  de  diffusion  4u  earburant, 
la  grandeur  des  gouttes,  ie  diasetre  *s'auter“,  des  diffuseurs  en  et  sans  giration 
ainsi  que  des  diffuseurs  radian*.  En  partie,  ces  diffuseurs  furent  congue  et  fabnqufes 
pour  les  essais  selon  Planche  de  fig.  4. 


4.4  Angle  d' Inclinaiaon  a la  partle  AR  de  la  chambre  de  combustion 

Au  cours  do  ces  sferies  de  mcsures,  dos  esaals  permirent  de  dfeterminer  l'angle 
d' inclinaiaon  (demi-anglo  de  cdne)  sur  '.a  partle  arridre  de  la  chambre  de  combustion. 
Le  diagramme  sur  le  cotfe  droit  de  la  Planche  de  fig.  3 montre  6 configurations  de 
tuydres,  parmi  lesquelles  se  trouve  aussi  celle  du  rfeacteur  As-014  a clapets.  Les 
rfesultats  des  essais  demontrdrent  que  pour  des  pulso-rfeacteurs  fonctionnant  au 
voisinage  de  la  vitesse  du  son  l'angle  d* inclinaison  devait  dtro  au  moins  20*. 


4 . 5  Acsroche-f lamme.  tuvau  pcrforfe 

Bien  que  le  rfeacteur  pflt  Btre  exp&rimente  a des  vitesses  d'fecoulement  trds  fele- 
v&es  et  la  combustion  eQt  lieu  dans  la  chambre  de  combustion  proprement  dite,  ce 
qui  fetait  verifife  par  des  mesures  de  temperature,  les  rfesultats  n’fetaiont  pas  satis- 
faisants.  Les  consommations  de  carburant  fetaient  trop  felevfecs  (au  dessus  de  5 Kg/Kph) . 
L'on  se  dfecida  done  d entamer  une  autre  recherche  partielle  qui  avait  pour  but  de 
concevoir  un  accroche-f lamme  approprife  pour  une  combustion  pulsatoirc.  Des  accroohe- 
flammes  du  type  *v*  qu'ils  sont  employ&s  pour  des  stato-rfeacteurs  restaient  ineffica- 
ces  pour  une  combustion  pulsatoire.  La  solution  fut  apparemment  trouv&e  sous  forme 
d'un  accroche-f lamme  carfenfe  qui  est  illuatrfe  dans  la  Planche  de  fig.  5. 

Au  cours  des  essais  il  s'averait  que  le  phfenomdne  d'une  couche  limite  d'une 
grande  intensitfe  de  chaleur  se  manifesta  entre  le  tuyau  perforfe  et  la  paroi  de  la 
chambre  de  combustion,  couche  limite  dont  l'effet  fetait  favorable  pour  l'allumage  et 
la  combustion  intermittents  du  melange  frais  pendant  toutes  les  phases  de  combustion 
d’un  cycle.  Les  consommations  spfecitiques  de  carburant  ainsi  mesurfees  se  trouvaient, 
a vitesse  d’fecoulement  felevfee,  en  dessous  de  b ■ 3 kg/kph  (par  rapport  & la  poussfee 
brute,  moins  la  resistance  intferieure  du  rfeacteur) . Ce  type  d' accroche-f lamme  fetait  un 
felfement  stabilisateur  de  flamme  aussi  pour  des  fonctionnements  de  rfeacteur  4 des 
vitesses  d'fecoulement  supersoniques  a I’entrfee. 


4.6  Comportement  de  la  recirculation 

En  connexion  avec  les  recherches  sur  le  type  d' accroche-f lamme  une  mesure  d'fecou- 
lement d'air  au  dfebit  constant  fut  fait  en  vue  de  determiner  le  comportement  du  flux 
de  rfecirculation  en  fonction  de  la  grandeur  de  l'fecoulement  primaire. 

L'intensitfe  de  la  rfecirculation  fut  obtenue  par  un  felargissement  subite  de  la 
section  de  tuyau  et  par  la  dfepression  correspondante , ce  qui  ne  survenait  cependant 
qu'avec  des  vitesses  de  jet  au  dessus  de  150  m/sec.  (Planche  de  fig.  6) 

Trois  a cinq  pour-cent  des  masses  circuldrent  autonomement  sous  l'effet  de  la 
dfepression  corame  il  a fete  constatfe  par  les  rapports  des  masses  relevfees.  En  vue  de 
l'allumage  pferiodique  dans  les  pulso-rfeacteurs,  ce  rfesultat  fetait  trds  intferessant. 

Le  report  de  ces  rfesultats  sur  combustion  conduisit  a une  conception  dans  laquelle 
1 ' accroche-f lamme  fetait  montfe  avec  des  espaces  intermfediaires  permanents  dans  la 
chambre  de  combustion  entre  la  face  avant  et  la  partie  arrifere  de  eelle-ci. 


4.5 *  7  Effet  de  contraction  4 des  vitesses  felfevfees 

En  vue  de  determiner  le  comportement  du  mfelange  lore  de  son  admission  dans  la 
chambre  de  combustion  pendant  la  phase  de  dfepression  d'un  cycle  en  connexion  avec 
1* felargissement  subite  de  la  section  de  tuyau  l'on  se  servit  de  mesures  de  eourant 
froid  rfealisfees  en  Argentine  qui  avaient  abouti  4 dfeterminer  l* influence  de  la  con- 
traction au  plan  d‘ felargissement  pendant  des  vitesses  d’fecoulement  felevfees  et  eon- 
stantes  dans  le  tuyau  d'admission  (5).  Tandis  que  des  fetudes  amferieaines  (9)  se 
bornaient  i des  vitesses  infferieures  jusqu’a  30  m/s ee.  environ,  les  sferies  de  mesures 
prfecitfees  concernaient  des  vitesses  qui  surviennent  pendant  la  phase  d'admission 
de  1‘air  frais  sur  des  pulso-rfeacteurs  sans  clapets- 

Le  diagramme  (Blanche  de  fig.  7)  montrait  les  distributions  de  pressien  au  plan 
total  d* felargissement  pour  4es  rapports  de  sections  de  3,76  et  5,17  en  fonction  du 
rapport  de  la  pression  totale  dans  le  tuyau  d’admission  (joints  de  mesure  jusqu’d 
2,5):  \e  montage  d’essai  ^>ut  fetre  vetirfe  du  schfema  des  points  de  mesure  contenu  dans 
eette  note.  La  configuration  de  la  tuyere  (cdne)  avant  1 ‘felargissement  evitait  un 
refoulement  de  la  dfepression  locale,  fseoblable  4 la  configuration  de  la  partie 
d'entrfee  arrive  avec  brSleur,  sur  le  rfeacteur-essai) . Le  haut  degrfe  de  concentra- 
tion du  jet  permit  une  pfenfetration  profonde  de  ce  jet  froid  dans  la  chambre  de  com- 
bustion felaegie.  (La  figure  montre  la  section  **a“  du  tuyau  en  condition  barrfee) 


5.  PtfESQ-SEACTEVES  SAMS  CLAPETS  BOCB  HASTES  VITESSES  (O’AVTBES  BECttESettBS  SE  CQttPOSAKfS) 

En  fin  des  recherches  partielles  sur  1 'optimal i sat ion  de  la  chambre  de  combustion  et 

sur  stabilisation  de  la  flamme  dans  la  chambre  de  combustion  en  cas  des  hautes  vitesses 
d’fecoulement,  les  raspee  d’fetranglement  sont  fetfe  dfeoootes  des  tones  chaudes  afin  de  teni r 
la  consummation  de  carburant  aux  valours  basses. 


■Xv't^r  a tr 


5.1.  Optimisation  de  1* entree  du  rfeacteur 


Une  verification  et  rearrangement  de  l'entrfee  fetaient  nfecessaires.  Le  dispositif 
d'essai  reprfesentfe  dans  la  partie  haute  de  la  Planche  de  Fig.  6 confiraait  ’a  vaiiditfe 
de  ce  mesurej  ce  dispositif  qui  n'fetait  pas  favorable  au  point  de  vue  d'aferodynamiqun 
fetait  utilisfe  pour  des  essais  de  fonctionnement  qui  fetaient  exfecutfes  jusqu'aux  nombros 
de  Mach  felcvfes  (Ms  1)  et  qui,  en  mSmo  temps,  consommaient  peu  de  carburant.  Dans 
cette  phase  d’essais,  le  cSne  reprfesentfe  dans  la  partie  basse  de  la  pi.  8 fetait  montfe 
avant  l'entrfee  d'air  ot  ajustfe  tel  qu'il  fetait  pourvu  dans  des  projetr,  precedents. 

Des  cSnes  au  diametre  de  80  S 140  mm,  qui,  partie  d'eux,  etaient  apl^tis  en  avant  et 
qui  fetaient  des  longueurs  differentes,  ainsi  que  des  efines  dont  los  angles  etaient 
constant  d 30*,  ont  fctfe  experiments.  En  utilisant  cette  famille  de  efines,  des  essais 
pouvaiont  fetre  exfecutfes  et  mesures  jusqu'd  la  limite  de  la  capaclte  du  compresseur  de 
la  soufflerio,  de  manldre  simple,  od  l'entree  d'air  fetait  d'une  part  pratiquenent  axi- 
ale  et  d'autre  part  variable  et  oblique.  La  distance  entre  le  efine  et  l'entrfee  etait 
optimalisee  pour  cheque  essai.  Ce  dispositif  d'essai  n'fetait  done  pas  axialement  vari- 
able pendant  qu’un  essai  fetait  en  cours. 


5.2.  Intervalles  commandfees  par  aferodynamigue  a l'entrfee  du  rfeacteur 

En  somme,  lo  principe  de  proefedfe  achevfe  pour  le  clapet  d'intervalle  aferodynami- 
que  peut  8tre  dfecrit  comme  suit.  Le  dispositif  consiste  d'une  entrfee  sans  pifeces 
mfecaniques  et  d'une  chambre  de  combustion  dont  l'entrfee  est  une  scupape  rfeelle.  Dans 
l'entrfee  d’air  qui  est  d'une  longueur  constante  ou  tfeleseopique  sont  montfees  un  ou 
plusiours  injecteurs  de  combustible  fixes  ou  variables  et  en  ou  sans  giration.  Apres 
allumage  du  carburant  fejectfe  de  ces  injecteurs  qui  en  partie  est  d'une  pression  forte 
(feprouvfee  jusqu'd  100  ata),  les  gar  brSlfes  pferiodiquement  de  la  chambre  de  combustion 
d l'entrfee  sont  concentrfes  a un  jet  de  flarames  d'intervalle  (flamme  pilotci)  qu.l  a 
pour  but  de  regler  la  quantitfe  d'air  subsfeauente  et  inteimittente.  En  mfeme  temps,  le 
cone  fixe  ou  axialement  variable  avant  le  collet  d'entrfee  assiste  en  outre  l'action 
du  soupape  dans  les  deux  sens  des  courants  alternants. 

La  limite  abrupte  de  la  chambre  de  combustion  a un  angle  d’environ  45 '■  forme  une 
rampe  pour  le  courant  d'air  partiel  qui  entre  dans  la  chambre  de  combustion  ainsi  que 
pour  le  mfclange  inflammable  dans  la  phase  de  dfepression  nendant  un  cycle. 

La  pression  d'arrfet  (pression  dynamique)  du  melange  frais  conjointement  avec  les 
gar  rfesiduels  de  la  phase  de  combustion  prfecedente  ainsi  que  la  tempferature  da  'a 
paroi  qui  correspond  d la  temperature  d'allumage  ou  qui  est  plus  haute  que  celle-ci 
cause  un  allumage  instantanfe. 

Le  nombre  des  alrumages  par  seconde  depend  de  la  vitesse  d’fccoulement  et  de  la 
distance  du  collet  d'entrfee  d la  rampe  d 'fetranglement.  De  cette  maniere,  la  rampe 
est  utilisee  comme  soupape  de  reglage,  et  la  flamme  pilote  elastique  dans  toute  sa 
longueur  a i'effet  d’un  organe  de  reglage  pour  le  proeds  d'entrfee  intermittent. 


5. J Allumage  par  pression  d'arrfet  et  des  gaz  rfesiduels 

Pour  des  rfeacteurs  a clapet,  de  different©#  fetudes  ont  traitfees  entre  autres 
(10/7/6)  I'effet  d'une  onde  de  choc  recirculant  de  la  sortie  du  rfeacteur,  onde  qui 
entame  1 'allumage  en  combinaison  avec  des  particules  de  carbon©  restfes  actifs 
provenants  de  la  phase  de  combustion  prfecedente,  et  a laquelle  a fetfe  eonfferfe  la 
dfesignation  “allumage  des  gas  rfesiduels  avec  I'effet  d'une  onde  de  ehoc“.  L'oecillo- 
gramme  eontenu  dans  l'fetude  de  Schmidt  (10),  j'age  196,  eonfirme  ees  sonstatations, 
e'est-d-dire  que  1* allumage  dans  les  pulso-rfeaeteurs  est  fortement  influenefe  par 
des  ph&nomfenes  de  ces  ondes,  Les  fetude*  frangaises  de  Bertin  et  Salmon  (11),  paqe 
128,  eontiennent  un  oscillogram®©  enregistrfe  pendant  de<?  essais  sur  un  tuyau  sans 
elapete  (voir  aussi  (12)  dont  on  n'a  pas  pu  retirer  les  effets  d'onde  de  choc 
dfecrits  en  haut.  Le  diagramme  du  rapport  pression  temps  (voir  Planehe  de  fig.  9)  gui 
fut  fetabli  dans  le  cadre  du  programme  d ‘experimentation  e ? f eetufe^ vec'Ttne J cof.sbmma- 
tion  de  earburant  diainufee  ne  prfesenee,  dans  la  rfegioa  de  la  chambre  de  combustion 
(pi a,.-  rCfferenc©  Q.  et  y«  et  traefe  de  ligne  3),  aucun  phfenomdne  d’ond©  de  la 
sortie  du  rfeacteur  qut  ait  fetfe  dfecisif  pour  1 'allumage. 

Les  valeurs  contenues  dans  le  diagrasr.is  ne  pouvaient  pas  fetre  enregistrfees  en 
acme  tamps.  L'fetat  de  fonctionnement  fut  majntenu  constant  pendant  toute  la  sferie 
des  mesures.  be  cette  analyse,  il  s'ensuivait  que,  sur  des  tuyaux  ouverts  dans  les 
deux  sens,  i'effet  de  l 'onde  de  choc  n'est  pas  requis  en  ce  qui  eoneetne  le  dfeclea- 
ehement  de  l 'allumage.  Pour  une  autre  rairon,  il  paraissait  opportun  de  nfegliger  eet 
effet.  A des  vitesses  d'fecoulement  felevfees.  les  vitesses  du  jet  dans  le  tv.yau 
augments  tent , tout  en  disiauant  les  vitesses  de  propagation  de#  ondes  de  choc  gui 
pouveient  cause?  un  retard  de  l 'allumage.  La  configuration  de  la  neuveUe  rampe 
d'fetrangleaent  en  eombinaison  avec  les  gas  rfesiduels  dans  les  niches  de  couete-iiaite 
dans  la  region  d©s  parois  de  la  chambre  de  combustion  assure  un  allumage  net  et 
direet  pour  cheque  cycle  jusgu'aua  vitesses  maximales  d'feeoolesMat. 


5.4.  Fonctionnements  des  rerctcurs  au  polr.t  fixe  et  series  de  mesures  aurdoux  rfeactours 
d'essai T doa  vltosscs  1usau(3  M « 0.94  (limlto  des  compresseurs  du  banc  d'essaU 

Los  r&sultats  obtenus  et  dfecrits  dans  les  fetudes  partie] les  aboutaient  a la 
fabrication  do  deux  rfeacteurs  d'ossai  dont  la  section  longitudinals  est  montreo 
dans  la  Plancho  do  fig,  10. 

Les  dimensions  choisies  corrospondaient  uux  dimensions  favorablos  en  co  qui 
concerne  le  nombro  de  Mach  int&riour,  la  vitesse  de  flamme  et  la  longueur  nfecessaire 
du  mfelange  air-combustiblo,  fetant  donnfc  que  ces  grandeurs  no  peuvent  pas  fetre  convor- 
ties  5 cause  des  phfenomdnes  d'fecoulement  instatioi.raires.  JP4 , on  quality  de  carbu- 
rant  liquide,  se  prStait  pour  cette  raison  3 1 'usage  tandis  que  pour  des  r6acteurs 
aux  dimensions  infferieuros  il  faut  se  servir  du  ga2  d’feclairage  ou  ga2  propane  dont 
les  caractferistiques  d'allumage  sor.t  meilleures.  La  longueur  hors  tout  et  la  frequence 
des  rbacteu’-s  pourraient  6tre  conservfees  pour  des  ensembles  rfeacteurs  do  dimensions 
plus  grandes.  Une  augmentation  des  performances  pourrait  §tro  obtonue  par  l'accroisso- 
ment  des  diamdtres. 

Vis-d-vis  des  rfeacteurs  d'essai  prfecedents,  le  module  montrfe  en  haut  de  la 
Plancho  de  fig.  10  presoncait  un  accroissement  considerable  de  la  section  derridre 
la  chambre  de  combustion,  le  efino  sur  la  partie  orridro  do  la  chambre  de  combustion 
ayant  fetfe  raccourci  d un  minimum.  Cette  conception  avait  ur  but  d'obtenir,  vis-d-vis 
de  la  combustion  atteinte  4 rsqu'alors,  une  penetration  plus  profondc  de  l'air  frais 
dans  le  tuyati,  de  manidro  que,  pendant  l'allumagc,  une  partie  du  mfelange  frais  admis 
circulait  dfeji  immiKtiatement  dans  le  tourbillon  derriferc  les  gaz  fechappant  du  cycle 
prfecedent . 


be  douxifeme  dispositif  d'essai  se  distinguait  par  un  accroissement  de  la  partie 
centrale  du  reacteur  et  avait  pour  rfesultat  un  modfele  qui  avait  dfejd  fetfe  essaye  par 
l'auteur  au  point  fixe  a Cordoba  !5).  Pour  le  demurrage  des  rfeacteurs  d'assai  l’on 
se  servit  de  l'air  comprimfe  et  des  bougies  d'allumage  montees  dans  une  distance 
d'environ  200  mm  de  la  paroi  avant  de  la  chambre  de  combustion.  Les  essais  fournissai- 
ent  des  valeurs  qui  peuvent  fetre  rfeproduites.  La  force  diffferentielle  entre  le  rfeacteur 
a froid  et  le  rfeacteur  en  fonctionnement  fetait  mesurfee.  Dans  les  diffferentes  sferies 
de  mesures  en  fonction  du  nombre  de  Mach  d'fecoulement  les  valeurs  mesurfees  fe taient  le 
comoortement  de  la  poussfee,  la  consommation  de  carburant,  ainsi  que  les  temperatures 
statiques  moyennes  su?  toute  la  longueur  du  rfeacteur.  Les  rfeacteurs  n'offraient  pas 
de  problfemes  au  point  de  vue  de  fonctionnement.  La  frfequence  mesurfee  au  point  fixe 
fetait  de  03  1/s.  Surtout  le  rfeacteur  d'essai  a chambre  de  combustion  unique  prfesen- 
tait  un  fonctionnesient  seusiblement  stabilise,  en  toneticn  d'fecoulement.  Le  fonction- 
nement du  deuxifeae  rfeacteur  d’ossai  fetait  raoins  stabilise,  la  poussfee  maximale  etait 
pourtant  de  15»  plus  felevfee,  et  les  valeurs  de  consommation  fetaient  trfes  favorables. 
Dans  ia  Blanche  da  fig,  11  les  poussfees  brut  corrigfees  de  mfeme  que  les  valeurs  de 
consommation  #pfecifique~3u  combustible,  par  rapnort  aux  valeurs  corrigfees,  pour  des 
configurations  du  edr-e  d'un  diamfetre  de  ’.00  mm  et  de  140  mm,  ont  fete  relevees  sur  le 
nombre  de  Mach  d'fecoulement.  La  correction  des  valeurs  de  poussfee  brut  fut  rfealis fee 
en  tenant  eomote  de  la  rfesistance  interns.  Dans  une  recherche  partielle  sfeparfee, 
les  distributions  de  pression  dans  le  tuyau  eurent  fetfe  mesurfees  en  fonction  de  la 
vitesse  d'fecoulement,  sur  deux  sections  et  a 4 points  de  mesure  supplfementaires. 

Pour  caleu’er  des  vitesses,  les  valeurs  mesurfees  furent  pris  comme  valeurs  de 
base.  En  se  servant  de  la  loi  d'energie  de  Bernouilli  pour  des  courants  compressible*, 
a savoir: 


JL— a const.  (1) 

X~\  * 2 1 


on  uotient  pour  le  eas  en  question  1'fequation  suivantet 
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Lorsque  l'fequation  (3)  est  substitu&e  dans  l'equation  (2.,  WJ  est  forme  comme  suits 


En  outre, 
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de  maniere  que  1' Equation  s' exprime  maintenant  cornrne  suit: 


Etant  donnfe  que  les  grandeurs  P°  et  P furent  mesur&es  pendant  l'essai,  M et  W peuvent 
6tre  determines  par  respectivement  les  equations  (5)  et  (6) 

Par  le  calcul  du  debit  d'air  dans  ]' entree  pendant  des  ecoulements  continus  et  par  une 
poursuite  du  calcul  sur  la  base  d'une  repartition  en  50%  pour  des  ecoulements  pulsatoires 
dans  un  premier  calcul  approximatif , la  courbe  de  correction  qui  est  requis  pour  deter- 
miner les  poussees  brut  fut  relevee  tenant  compte  des  vitesses  dif ferentielles  respec- 
tives  (Planche  de  fig.  12). 

Afin  de  permettre  une  comparaison,  les  valeurs  des  consommations  specifiques  du 
reacteur  As-014  out  ete  relevees  dans  le  diagramme  a cote  des  valeurs  obtenues.  Ces 
valeurs  furent  enregistrees  en  son  temps  dans  la  soufflerie.  Ce  diagramme  demontrait 
qu'il  y avait  un  deplacement  des  valeurs  obtenues  dans  une  plage  plus  6levee  de  Mach. 

Un  autre  releve  montrait  les  densites  des  poussees  (^f)  pour  des  poussees  brut,  tou- 
jours  en  fonction  des  diamdtres  de  la  chambre  de  eomBustion  des  reacteurs  d'essai.  Ce 
releve  demontrait  que,  grace  au  nouveau  developpement,  il  etait  possible  de  surmonter 
la  vitesse -limlte  jusqu'a  M = 0.94.  De  cette  fagon,  une  densite  maximale  de  la  pous- 
see  pourrait  etre  obtenue  avec  des  valeurs  d'dnviron  1900  kp/m*  et  des  consommations 
specifiques  i l'oxdre  de  2 kg/kph. 

En  supposant  qu'avec  des  configurations  favorables  de  1' entree  et  de  la  nacelle 
du  reacteur  au  point  de  vue  aferodynamique,  des  resistances  pourraient  6tre  obtenues 
qui  correspondraient  & un  coefficient  de  resistance  de  0,2  environ,  la  portion  re- 
stante  de  la  densite  de  poussee  d' environ  1000  kp/ml  suffirait  d'abord  pour  la  propul- 
sion d’un  missile.  II  est  a supposer  que  le  coefficient  de  resistance  du  r£acteur 
AS-014  mesurh  en  son  temps  de  l'ordre  de  0,4  - suivant  Staab  (2)  - n'est  pas  compati- 
ble avec  les  vitesses  d'ecoulement  de  M = 0.9  employees  i present. 

La  configuration  optimale  d'un  capot  d'entree  d'air  et  du  contour  de  nacelle  ne  fit 
aucune  partie  du  programme  en  cours. 

A cet  %gard,  il  est  interessant  de  signaler  que  Gosslau  (1)  eut  en  son  temps,  de 
trds  grandes  diffucultes  en  projetant  1 ' aerodynamique  du  capot  d'entree  d'air  et  de  la 
nacelle  du  reacteur  As-014  (1,  p.  415-418,  discussion  Gosslau,  Blenk,  E.  Schmidt). 

Les  resultats  indiques  plus  haut,  ont  demon tr6  qu'en  principe  la  conception  de 
base  qui  n'eut  pas  pourvu  des  clapets  et  qui  fut  realisee  en  son  temps  en  France, 
pouvait  Stre  conserve  jusqu'd  un  nombre  de  Mach  d'ecoulement  de  M = 0,94.  A cet 
egard,  le  reacteur  d'essai  016-132  fut  soumis  a des  essais  de  fonctionnement  avec 
des  ecoulements  correspondent  a M = 0.9,  sur  le  banc  d'essai  de  1'ILA  a Stuttgart 
avec  des  resultats  satisfaisants. 


Le  rfeacteur  d'essai  mis  au  point  fournit  la  preuve  qu'il  pourra  §tre  pris  en 
consideration  pour  des  missions  a vitesses  de  l'ordre  de  M “ 0,85  S M = 0,95,  pour- 
vue  que  1' acceleration  du  missile  sera  realisee  d l'aide  des  fusCes  d' acceleration. 

Au  cours  des  essais,  on  a trouve  que,  sous  l'effet  de  1 'ecoulement,  le  rfeacteur 
fonctionne  avec  un  surplus  d'air,  environ  jusqu'd  A = 3,5;  par  ailleurs,  un  calcul 
pour  le  rfeacteur  As-014  a donnfe  le  m8me  resultat. 

Pendant  le  fonctionnement  au  sol,  c’est-d-dire  sur  le  banc  d'essai,  la  com- 
bustion fetait  quasi-stoechiomfetrique.  En  outre,  on  a constatfe  qu'a  des  vitesses 
d'ecouLement  elevfees,  il  n'y  avait  pas  de  coussin  d'air  et.  de  gaz  rfesiduels  dans 
la  partio  arridre  de  la  sortie  tandis  que,  sur  le  point  fixe  et  d des  vitesses ^ 
d'fecoulement  moins  elevfees,  le  coussin  d'air  fournit  une  partie  de  la  poussfee  d 
f ro  id . 

Pendant  des  essais  sur  les  rfeacteurs,  on  a toujours  trouvfe  qu'd  partir  de  Mach 
= 0.85  il  y a une  frfequence  d'admission  d'air  plus  felevfee,  causfee  par  les  vitesses 
croissantes.  La  conclusion  en  fut  qu'il  y a plusicurs  allumages  qui,  en  combinai- 
son  avec  la  f lamme-pilote,  produirent  un  effet  froinant  aux  masses  d’air  d'admis- 
sion, tout  en  evitant  une  extinction  du  rfeacteur. 

C' fetait  aussi  la  confirmation  que  la  rampe  fetait  bien  dimensionfee  en  ce  qui 
concerne  sa  position,  son  angle  de  c6ne  (demi-angle) , sa  longueur  et  sa  section  de 
passage.  Un  chargement  des  conditions  d'essai  nfecessite  l'ajustage  de  la  geo- 
metric do  1 ' entree, ci-inclus  des  dimensions  de  la  rampe.  Une  expferience  analogue  se 
fit  dfeja,  en  son  temps,  par  un  groupe  d'experts  dans  le  domaine  du  rfeacteur  AS-014 
(1 , pages  415-418) . 

Le  programme  d ' experimentation  comprit  une  pferiode  de  5 ans  qui  fetait  inter- 
rompue  par  des  intervalles  diffferentes. 

Un  autre  diagramme  de  la  Planche  de  fig.  12  dfemontre,  pour  des  fonctionnements 
du  rfeacteur  a M = 0.88,  les  effets  provoqufes  par  une  admission  d'air  oblique;  au  cours 
des  essais,  quatre  c3nes  de  diamfetres  diffferents  ont  fetfe  mesurfes.  La  Planche  de  fig.  13 
donne  une  vue  du  rfeacteur  d'assai,  montfe  sur  son  berceau  de  support;  la  figure  au 
centre  donne  une  vue  feclatfee  de  celui-ci.  En  outre,  cette  planche  montre  un  fonction- 
nement du  rfeacteur  sous  1 ' fecoulement,  sur  le  terrain  d'essai  de  la  DFVLR  a Trauen 
(Luftzentrale  - Centrale  d'Air). 


6.  ESSAIS  REALISES  SUR  UN  PULSO-REACTEUR  AVEC  PASSAGE  AU  FONCTIONNEMENT  EN  STATO-REACTEUR 

La  realisation  d'un  passage  du  fonctionnement  intermittent  en  fonctionnement  continu 
fut  obtenue  par  les  essais  de  rfeacteur,  afin  de  determiner  les  effets  de  stabilisation  des 
flammes  pendant  les  deux  modes  de  combustion.  La  il  s'agissait  d'essals  prfeliminaires. 

Le  passage  se  presenta  d un  nombre  de  Mach  d’ environ  M «•  0.7,  avec  une  tempferature 
moyenne  dans  la  chambre  de  combustion  de  1300°C  (la  courbe  supferieure  reprfesente  les  tempe- 
ratures mesurees  immfediatement  aprfes  1 ' accroche-flamme) . 

Apres  le  passage  du  mode  pulsatoire  au  fonctionnement  en  stato-rfeacteur,  le  processus 
d’une  combustion  continu  put  etre  observfe  mfeme  sous  l'effet  d'une  variation  graduelle  de  la 
quantitfe  du  carburant  injectfe.  Le  passage  d'un  mode  de  combustion  a 1* autre  put  fetre 
observfe  sur  le  rfeacteur  non-carene  par  le  deplacement  do  1' aspect  des  couleurs  provoqufees 
par  les  temperatures  (chaleur  au  rouge)  dans  le  sens  de  la  partie  arrifere  de  la  chambre  de 
combustion.  Le  passage  ayant  fetfe  accompli,  e'est  a ce  point  la  od  se  stabilisa  la  flamme. 

Par  ailleurs,  le  passage  de  combustion  put  aussi  Stre  observfe  par  l'effet  acoustique  et  le 
changement  de  la  poussee  fetait  visible  sur  1 'oscilloscope  au  moment  du  passage.  Le  montage 
d'essai  est  montre  en  Planche  de  fig.  14.  Les  valeurs  mesurfees,  telles  que  les  tempferatures 
moyennes,  comportement  de  poussee  et  pression  d' injection  de  carburant,  out  fetfe  relevfees 
sur  la  vitesse  d'fecoulement.  Pour  des  dfetails,  voir  le  diagramme  gauche  de  cette  planche. 

L'experience  gagnee  par  ces  essais  dfemontre  qu'il  serait  avantageux,  du  point  de  vue 
d'un  rendement  plus  grand  de  poussee,  de  rfealiser  le  passage  a des  vitesses  d'fecoulement 
plus  felevfees.  Puisque  le  rfeacteur  d'essai  n'est  qu'un  prototype  de  dfefinition,  d'autres 
essais  des  composants  devraient  etre  rfealisfes  en  connexion  avec  un  rfeacteur  a deux  phases 
de  combustion  pour  pouvoir  arriver  a des  conclusions  dfefinitives.  En  fin  de  compte,  les 
resultats  de  ces  essais  prfeliminaires  a deux  phases  de  combustion  ont  dfemontrfes  que  le 
passage  d'un  mode  de  combustion  a 1 'autre  est  rfealisable  avec  les  mfemes  composants  du 
rfeacteur.  Pour  donner  une  idee  claire  du  processus,  cette  planche  prfesente  un  schfema  du 
passage  d'une  phase  a 1' autre. 

Comme  suite  a ces  essais,  la  mise  au  point  d'un  accroche-flamme  d section  variable  et  a 
deplacement  axial  sous  forme  d'un  dispositif  polygonal  constitua  la  solution  du  problfemo 
(voir  Planche  de  fig.  16).  Il  fetait  clair  que,  pour  des  modfeles  futurs  do  ces  rfeacteurs, 

1 ' accroche-flamme  devra  avoir  une  section  variable  a la  partie  arrifere  de  la  chambre  de 
combustion  afin  de  forcer  le  passage  par  une  pression  dynamique  accrue.  Les  conditions 
survenues  au  cours  des  fonctionnements  du  rfeacteur  furent  examinfees  a l'aide  de  calculs. 


Las  requl tats  de  ces  calculs  relevfes  en  Planche  de  fig,  15  permettent  de  voir,  a 
1 aide  de  courbes,  les  gammes  accomplis.  II  a etfe  relevfe  le  rapport  critique  des  surfaces 
en  fonction  des  temperatures  d'fechappement  de  la  chambre  de  combustion  pour  de  diffferents 
nombres  de  Mach  pendant  une  combustion  stoechiomfetrique.  Pour  les  trois  sections  criti- 
ques exaniinfees  et  les  valeurs  de  temperature  T,,  correspondant  aux  diamfetres  de  70  a 
90  mm,  mesurfees  au  cours  des  essais,  le  comportement  du  nombre  de  Mach  M,  fut  constatfe 
dans  la  chambre  de  combustion.  Par  le  relevfe  du  rapport  du  chauffage  sur  M,,  il  fetait 
possible  de  dfeterminer  les  nombres  de  Mach  ."'antrfee  M. . Ces  valeurs  rangeatent  entre 
35  et  50  m/sec.  II  s’en  suit  que  l'air  froid  s’fecoulaAt  dans  la  chambre  de  combustion  de- 
vait  avoir  cette  vitesse.  Ce  resultat  etait  tout  d'abord  suffisant  pour  les  essais  sur  un 
prototype  de  dfefinition. 


7.  EMPLOI  DES  PULSO-REACTEURS 


En  raison  de  leur  construction  simple  et  de  leur  coGt  de  revient  rfeduit,  les  pulso- 
reacteurs  peuvent  fetie  pris  en  considferation  comme  des  propulseurs  (de  bon  marchfe)  pour 
des  missiles  guidfes.  Ce  sont,  en  particular,  les  frais  de  fabrication  bas  de  mfeme  que 
les  frais  d* exploitation  moderes  qui  justifient  leur  emploi  pour  des  vitesses  de  vol 
jusqu'au  M = 0.9;  pour  cet  emploi,  le  rayon  d'action  est  limitfe  car  la  consommation  se 
trouve  au-dessus  des  valeurs  de  consommation  des  turborfeacteurs.  De  point  de  vue  d'entre- 
tien,  d'usure  et  de  la  deformation,  ces  rfeacteurs  n'offrent  que  d'avantages.  En  outre, 
leur  puissance  massique  est  favorable;  la  plupart  des  composants  du  rfeacteur  peut  fetre 
rfealisee  en  toles  d’une  fepaisseur  de  0,5  jusqu'd  0,7  milime'tre.  Le  programme  d'expferimen- 
tation  a demontre  qu’il  faut  des  "boosters1'  (fusfees  d'accfelferation)  pour  le  lancement 
des  engins  munis  de  tels  rfeacteurs.  Quand,  pour  certain  raisons,  il  faut  renoncer  a 
cette  acceleration,  la  sortie  a grande  volume  doit  fetre  tfelescopique  ou  fejectable,  comme 
raontre  la  figure  haute  de  Planche  de  fig.  17. 


En  se  basant  sur  le  programme  d ' expferimentation  rfealisfe,  on  a considferfe  de  s'appuyer, 
entre  autres  choses,  sur  les  rfesultats  de  mesures  faites  pour  le  projet  de  turborfeacteurs. 
Pour  cela,  il  semble  d’abord  important  de  projeter  une  soupape  pour  une  admission  d'air 
approprie*  Le  but  en  est  de  permettre  une  alimentation  en  air  intermittente  qui  est 
suffisante  pour  des  chambres  de  combustion  courtes.  Le  module  de  rfcacteur,  r£present6  en 
coup  longitudinal  dans  la  figure  basae  de  la  planche  de  fig.  17  est  dotfe  d'une  soupape 
rotative  a vitesse  de  rotation  variable  dans  la  chambre  de  combustion.  Cette  soupape  com- 
prend  un  stator  et  un  rotor  qui  s'allongent  sur  toute  la  chambre  de  combustion.  En  rotation, 
le  rotor  couvre  et  affranchit  les  fentes  du  stator.  En  prfevoyant  un  certain  nombre  de  fentes, 
on  cherche,  en  combustion  pulsatoire,  a assurer  la  formation  impeccable  du  melange  pendant 
la  phase  d admission  tres  courte.  Comme  constatfe  dans  une  note  prfecfedente  (13),  il  est  im- 
portant de^prevoir  une  chambre  de  stabilisation  entre  la  chambre  de  combustion  et  la  tur- 
bine.  Du  cote  de  compresseur,  de  l'air  additional  est  admis  a la  chambre  de  stabilisation 
afin  de  provoquer  le  refroidissement  approprife  des  gaz  et  leur  melange  avec  de  l'air  com- 
primee  et  d affaib*ie  les  oscillations  de  pression  avant  l'entree  des  gaz  dans  la  turbine 
(a  une  ou  plusieures  etages) . De  cette  mar.iere,  la  combustion  pulsatoire  dans  la  chambre 
de  combustion  peut  s'effectuer  sur  des  tempferatures  tres  elevees  ce  qui  n'etait  pas  possible 
auparavant.  La  proposition  envisage  un  processus  de  combustion  a pulsation  commandfee;  il 
n y en  a pas  encore  des  resultats  d' essais. 
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SUMIARY 

Aerodynamic  and  thermodynamic  behaviour  of  turbo-rockets  and  turbo-ramjets  is  considered.  By  means  of  va^ 
iable  engine  geometry,  multi-cycle  engines  meet  aircraft  requirements  for  take  off,  climb,  cruise,  maneu- 
ver, loiter  and  landing. 

In  these  conditions,  performance  characteristics  are  carried  out,  taking  into  account  variable  geometry, 
in  some  intake  and  exhaust  configurations. 

Problems  arising  from  future  high  energy  fuels,  particularly  hydrogen,  impose  changes  in  interface  compo- 
nents, geometry  and  control. 

Preliminary  designs  of  turbo-rockets  and  turbo-ramjets  arc  conducted,  both  for  military  and  civil  applica- 
tions. 


LIST  OF  SYMBOLS 

q - specific  fuel  consumption 

M • flight  Mach  number 

M/q  - propulsion  efficiency 

L/D  - aircraft  lift-to-drag  (aerodynamic  efficiency) 

M/q*L/D  - flight  efficiency 

C - aircraft  drag  coefficient 

D 

Up  - engine  thrust  coefficient 

3 • aerodynamic  drag 

F ■ thrust 

U • weight 

U.  ■ all-up  weight 

Fl  • sea  level  staeic  thrust 

o 

V • flight  and  gas  speed 

R * range 

A • engine  exhaust  cross  sectional  area 

C*  • aircraft  lift  coefficient 

p » density 

p • static  pressure 

T • static  temperature 

m * mass  flow 

H • entalpy 

h • altitude 

g * gravity  acceleration 

Cp  * specific  heat 

N • revolution  per  minute 


u '•  angular  velocity 

X “ compression  ratio 

8 • temperature  ratio 

u » peripheral  velocity 

k - specific  heat  ratio 

Ac  • peripheral  gas  velocity  variation 

P • power 

f • fuel-air  ratio 

SUBSCRIPTS 

t • stagnation 
g • gas 
a ■ air 

0 • ambient  condition 

1 * post-skock 

2 * compressor  face  and  by-pass  valve 

3 • compressor  exit 

4 * turbine  face 

5 • turbine  exit 

S'  » ramjet  combustion 

6 » after-burning 

7 » turbojet  exhaust 

7’  * ramjet  exhaust 

8 • gas  mixture 


INTRODUCTION 

The  prospects  for  advanced  low  and  high  supersonic  airplanes  suggest  configurations  incorporating  advanced 
materials  and  control  concepts  and  utilising  variable-cycle  engines,  as  turbofan-turbojets,  turbo-rockets 
and  turbo-ramjets.  Hydrogen  fuel  offers  great  promise,  even  though  formidable  problems  associated  with 
the  use  of  such  fuel  probably  precludes  its  use  on  any  near  terra  second-generation  supersonic  airplaue. 

The  flight  efficiency  ^ L/D  involves  the  aerodynamic  efficiency,  as  expressed  by  the  aircraft  lift-to-drag 
L/D  ratio,  and  the  propulsive  efficiency,  as  determined  by  the  flight  speed  M to  the  engine  specific  fuel 
consumption  q ratio.  Variable-sweep  designs,  which  utilize  full-time  stability  augmentation  systems, 
offer  some  interesting  possibilities  for  aerodynamic  efficiency.  Variable-cycle  engines,  uhieh  try  to 
meet  the  requirements  of  given  flight  programs,  offer  high  propulsion  system  efficiency. 

The  propulsion  system  requirements  of  the  long  range  low  supersonic  airplane  dictate  the  use  of  an  engine 
which  operates  as  a turbojet  for  supersonic  flight  and  as  a turbofan  for  take-off  and  subsonie  flight.  No 
sueh  engine  exists  st  the  present  tine.  The  hypothetical  uariabte-cyele  engine,  for  wich  the  specific 
fuel  consumption  (lb-fuel/lb  thrust/hr)  may  gradually  rise  from  0.6  to  1.2  as  the  flight  speed  is  iaeteaji 
ing  from  rest  to  Mach  3.0,  operates  as  a bypass  ratio  engine  at  subsonic  speeds  and  as  a turbojet  in  the 
supersonic  speed  range.,  The  concept  involves  an  engine  in  which  the  front-mounted  fan  utilised  in  sub- 
sonie operation  becomes  the  first  stage  of  compression  in  the  turbojet.  There  are  a number  of  component 
matching  problems,  however,  which  limit  the  variable  bypass  ratio  eomeept. 


The  propulsion  system  requirements  of  the  long  range  high  supersonic  airplane  bring  out  the  interest  and 
the  potentialities  of  composite  airbreathing  engines,  as  the  combination  of  ramjet  and  turbine  engines,  on 
which  some  practical  experience  has  been  gained.  The  first  example  was  the  turbo-ramjet  of  the  well-known 
Criffon,  the  only  turbo-ramjet-powered  aircraft  that  has  ever  flown  supersonically,  figure  24. 

A difficult  requirement  facing  turbo-ramjet  designers  is  that  of  matching  the  operation  of  individual  en- 
gine components  to  provide  the  proper  amount  of  thrust  to  meet  aircraft  requirements  for  takeoff,  climb, 
cruise,  maneuver,  loiter,  approach  and  landing,  at  minimum  cost. 

The  turbojet  (or  turbofan)  has  to  incorporate  variable  fan  vanes,  variable  compressor  vanes,  variable  high 
ana  low  spool  turbine  nozzle  areas,  and  variable  primary  and  fan  duct  exhaust  configuration.  The  amount 
of  variable  geometry  utilized  in  this  engine  provides  improved  flexibility  in  controlling  engine  operating 
pressures,  thrust-turbine  temperature-airflow  relationships,  engine  bypass  ratio,  and  transient  response. 
The  ramjet  needs  variable  geometry,  from  the  external  compression  intake  to  the  exhaust  nozzle.  In  select^ 
ing  a shock  geometry,  a choice  has  to  be  made  between  all  external  compression  and  combined  external /intejr 
nal  compression  designs,  both  permitting  incorporation  of  the  throat  area  variation  necessary  for  engine 
matching  over  a range  of  flight  speeds  and  engine  flow  requirements.  Two  major  intake  geometry  components 
are  incorporated  to  obtain  the  necessary  geometry  variations,  needed  for  engine  airflow  matching  at  tran- 
sonic speeds  and  for  the  proper  flow  area  contraction  at  supersonic  speeds.  In  choosing  variable  intakes 
and  nozzles  it  is  often  found  that  the  separate  development  of  these  components  has  led  to  the  ultimate 
in  individual  performance  but,  in  combination,  it  is  by  no  means  assured  that  these  items  will  maintain 
that  high  performance,  even  with  the  aid  of  a complex  control  system. 

The  development  of  transient  schedules  for  a turbo-ramjet  usually  involves  a compromise  between  the  need 
for  both  rapid  thrust  response  and  adequate  compression  system  stability,  especially  at  the  change  inter- 
face from  an  engine  to  the  ocher.  The  variable  primary  stream  nozzle  of  the  enginemy  be  used  to  control 
airflow  including  adjustment  for  cycle  variation  due  to  altitude,  bleed  or  horsepower  extraction,  and 
flight  speed. 

The  curbo-ramjec  is  operating  at  a bypass  turbojet  when  the  flight  speed  is  low,  primary  and  secondary 
airflow  going,  respectively,  through  the  low  and  high  pressure  compressors  and  through  the  low  pressure 
compressor  and  the  bypass  duct.  As  the  flight  speed  has  reached  Mach  3.0,  the  intake  compression  is  suf- 
ficient for  an  adequate  propulsion  cycle  without  mechanically  driven  compressor,  the  flap  bypass  is  closed 
to  eliminate  the  turbomachine,  and  ramjet  combustion  is  operating  by  means  of  afterburners.  Variable 
ramps  and  shock  syscem  at  the  intake,  and  variable  exhaust  nozzle,  may  help  the  composite  engine  to  solve 
matching  problems  during  the  whole  flight  program,  as  the  air  intake  supplies  either  the  turbo  or  the  rasr- 
jet.  Its  high  specific  impulse  makes  possible  to  increase  the  range  of  the  turbojet,  but  technology  for  a 
boost  plus  cruise  engine  is  complicated. 

The  propulsion  system  requirements  of  the  medium  range  supersonic  boost  airplane  bring  out  the  interest 
for  the  combination  of  turbo  and  rocket  engine,  with  its  average  specific  impulse,  high  thrust  but  compli- 
cated technology,  and  possibility  as  a heavy  missile  launcher.  Variable  geometry  is  necessary  for  match- 
ing operating  conditions  over  the  required  performance  range,  through  adjustable  intake  ramps  and  variable 
exhaust  nozzle. 

Combustion  gases  for  the  turbojet  come  out  from  the  recket,  to  drive  the  turbine  connected  to  the  compres- 
sor through  reduction  gear.  Cruise,  full  power  with  afterburning,  acceleration  and  deceleration  phases  need 
rocket  as  prime  mover.  Turbine  exhaust  gases  mix  with  hot  (at  high  Mach  number)  air  flowing  from  the  cow- 
pressor  . go  through  after  combustion  and  expansion  to  exhaust.  Rich  mixture  in  the  rocket  chamber  avoids 
high  temperature  on  the  turbine  blades.  Even  if  propellant  consumption  may  be  50Z  more  than  the  equiva- 
lent turbojet  with  afterburning  (because  of  the  oxygen  aboard),  the  turbo-rocket  may  spend  three  times 
less  than  rocket. 

On  airbreathing  engines  it  is  important  to  have  maximum  thrust  when  the  vehicle  has  going  through  sound 
speed.  This  usually  happens  at  33,000  feet  altitude  and  Mach  • 0.9,  with  70*F  air  intake  temperature, 
reaching  a 3650*P  possible  maximum  temperature  on  the  duet  preceding  the  exhaust  nozzle. 

The  turbo-rocket  should  be  essentially  reserved  to  missile  launch  aeroplanes.  One  of  these  could  be  for 
instance  equipped  with  two  turbo-rocket  engines,  weighing  100,000  lb  at  take-off,  iueluding  a two  stage 
25,000  lb  solid  rocket.  The  missile  should  be  launched  at  Mach  4.5  and  65,000  feet  of  altitude,  putting 
on  terrestrial  orbit  a 500  lb  satellite. 

the  propulsion  system  requirements  of  the  low  range  boost  vehicle  bring  out  the  interest  for  th«  air  aug- 
mented rocket.  Suitable  for  high  thrust  and  average  specific  impulse,  such  engine  could  be  usod  at  flight 

speed  less  than  Maeh  4.0,  with  variable  geometry. 

The  air  augmented  tucket,  for  the  propulsion  of  boost  vehicles,  is  known  as  an  engine  which  improves  on 
the  propulsion  efficiency  of  the  rocket  at  low  flight  speeds,  and  which  requires  a smaller  weight  of  manu- 
factured structure  than  other  airbreathin  engines. 

Particular  attention  is  paid  to  features  affecting  installation  and  use  in  an  aircraft  designed  as  the 
first  stage  booster  for  a manned  spacecraft.  Simple  engines  with  fixed  geometry  and  variable  airflow  have 
realized  at  best  about  one  third  of  the  potential  gain  in  specific  is^ulse  due  to  air  augmentation.  The 
failure  to  gain  more  is  very  largely  due  to  the  difficulty  of  arranging  a fixed  geometry  which  allows  'or 
expansion  of  the  exhaust  stream,  after  mixing  is  completed,  ttith  a fixed  outer  cowl,  the  specific  impulse  can 

he  improved  by  arranging  far  the  air  intake  diffuser  to  vary  internally.  A beneficial  variation  in  air 

duct  area  could  he  arranged  with  comparatively  simple  moving  parts  operating  in  the  cooler  part  of  the  en- 
gine. This  has  a double  effect  in  improving  performance:  reduction  in  diffuser  outlet  area  at  high  flight 
Maeh  number  assists  in  intake  matching. 
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Ducted  turbulent  mixing  of  coaxial  atreau  occur*  in  the  composite  propul a ion  ay a tee*  auch  aa  the  above 
mentioned  engine*.  Quite  difficult  it  ia  to  develop  an  adequate  engineering  theory  to  deacribe  the  ducted 
mixing  process,  including  chemical  reaction*.  It  i*  a atrong  vi»cou*  interaction  problem  in  which  the  mix 
ing  layer  say  extend  over  ao*t  or  all  of  the  duct  croaa  (ection  at  the  exit  plane.  The  variable-area,  var 
iable  preaaure  ejector  can  be  uaed  to  augment  the  net  thruat. 

It  i*  purpose  of  the  present  paper  to  sake  approximate  comparison*  of  the  performances  characterising  such 
airbreathing,  composite  and  combined  cycle,  engines,  considering  hydrogen  aa  fuel. 

anvavTAGXS  AND  PkOIUMS  WITH  HYDKOCEti  FUEL 

Another  approach  for  achieving  improved  flight  efficiency  ia  provided  by  the  use  of  fuel  having  a heating 
value  greater  than  that  of  current  hydrocarbon  fuels.  Table  1 lists  propertiea  of  some  candidate*  for  re- 
placing petroleum  products,  with  JP  (Jet  A-l)  shown  for  comparison.  Ref.  1. 

Many  factors  condition  a choice  asung  them.  The  use  of  liquid  methane  as  a fuel  for  the  supersonic  trans- 
port hat  been  studied  in  tome  detail.  The  heating  value  of  this  cryogenic  fuel  i*  only  about  15Z  greater 
than  that  of  conventional  fuel.  Liquid  hydrogen,  however,  has  a heating  value  about  2.8  time  that  of  hy- 
drocarbon fuel.  The  higher  heating  value  of  hydrogen  result*  in  a flight  efficiency  factor  which  is  near- 
ly three  time*  greater  than  that  for  an  aircraft  utilizing  conventional  fuel.  Spectacular  reduction  in 
the  fuel  weight  required  for  a given  range  would  therefore  appear  to  be  potentially  possible.  In  addition, 
higher  turbine  inlet  temperature*  and  thus  more  efficient  engines  would  be  possible  through  the  use  of  the 
very  cold  hydrogen  fuel  for  turbine  blade  cooling.  Finally,  the  product  of  combustion  of  hydrogen  and  oxjr 
gen  is  water  vapor.  Thus,  a hydrogen  burning  engine  would  have  a clean  exhaust  except,  when  using  air. 


for  the  NO  compounds. 
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Hydrogen  can  significantly  improve  aircraft 

Table  1 

JP  Fuel 

Methane 

Ethyl 

Alcohol 

Methyl 

Alcohol 

Asnonia 

Hydrogen 

Nominal  composition 

cH1,94 

ch4 

c2hs  oh 

CH}  OH 

NHj 

«2 

Molecular  weight 

-120 

16.04 

46.06 

32.04 

17.03 

2.016 

Heat  of  combustion  BTU/pound 

18,400 

21,120 

12,800 

8,600 

8,000 

51,590 

Liquid  density  Lb/ftJ  at  50*F 

47 

26.5* 

51 

49.7 

42.6* 

4.43* 

Boiling  point  (*F)  at  1 atmosphere 

400  to  500 

-258 

174 

148 

-28 

-423 

Freezing  point  (*F) 

-58 

-296 

-175 

-144 

-108 

-434 

Specific  heat  BTU/Lb  *F 

0.48 

0,822 

0.618 

0.61 

1.047 

2.22 

Heat  of  vaporization  BTU/Lb 

105-110 

250 

367 

474 

589 

193 

* At  boiling  point 


performance.  Only  weight-sensitive  app  licat  i ons  such  as  aircraft  would  benefit  so  much  from  the  very  high 
heat  of  combustion  available  with  hydrogen. 

For  use  in  aircraft,  hydrogen  would  be  tanked  in  liquid  form,  considerably  affecting  airplane  design  be- 
cause: 

- hydrogen  weight  for  given  mission  is  less  than  comparable  JP  design  by  a factor  of  2.8: 

- high  specific  heat  affects  airplane  design  because  hydrogen  can  be  used  to  cool  engine  hot  parts  and  pro 
vide  heat  sink  for  aireraft  cooling  requirement: 

- leaser  weight  of  fuel  required  leads  to  low  wing  loading,  high  eruise  altitude,  higher  power  loading: 

- low  density  affects  airplane  design  because  even  though  fuel  weight  is  less,  volusws  required  is  grsster 
by  a factor  of  about  1.78.  resulting  ia  lower  aerodynamic  efficiency,  i.e.  lower  L/D. 

The  storage  of  hydrogen  in  cryogenic  tanks  is  under  consideration.  Hydrogen  is  eooled  to  -422. 9*F  to  reach 
a state  of  liquefaction,  and  stored  in  that  form  by  well  insulated  tanks  and  tank  pressure  scheduling  to 
minimise  boil-off  losses.  The  insulation  is  sufficient  to  maintain  the  liquid  temperatures  for  several 
days.  When  small  amounts  of  hydrogen  are  vaporised  by  heat  that  does  enter  the  tank,  the  gas  is  vented 
through  a catalytic  exhaust  tube  where  the  escaping  hydrogen  is  flasKlessy  converted  to  water  vapor. 
Several  aluminium  alloys  and  stainless  steels  are  applied  in  lightweight  structures  for  cryogenic  liquids 
at  extremely  low  temperatures.  Improved  materials  with  higher  specific  strenghts  and  increased  toughness 
will  be  required  in  the  future:  weldable  aluminium  alloys,  titanium  alloys  and  fibre  reinforced  composite 
materials. 

The  main  requirements  to  be  fullfilled  should  be:  High  ratio  of  strength/density,  resistance  to  stress 
corrosiou  cracking  especially  in  the  region  of  welds,  fatigue  life  at  high  stress  levels  and  eospatibili- 
ty  with  the  cryogenic  liquid,  adequate  toughness,  weldable  and  easily  formed.  Materials  in  sheet  and  plats 
fora,  to  reduee  the  mass  of  the  propellant  tank,  need  to  have  a notched  tensile  stress/ultimate  tensile 
stress  ratio  (NTS/UTS)  greater  than  0.9  for  adequate  toughness  in  structure  applications,  kef.  2. 

All  cryogenic  ptopellaat  tank  structures  that  have  been  unpressurised  and  self-supporting  have  been  eon- 


ft  rue ted  froa  aluminium  illoyt.  There  hat  been  4 gradual  improvement  in  the  proof  ftreea/dentity  ratio  of 
materials  froa  0.22x10s  in  for  the  aluminium-magnesium  alloy  50S2-H32,  which  waa  aelected  in  1951  for  the 
liquid  oxygen  tank  of  the  Redatone  missile,  to  0.56x10  in  for  the  aluainiua-copper  alloy  2014-T6,  which 
waa  choaen  in  1962  for  both  the  liquid  oxygen  and  liquid  hydrogen  tanka  for  the  S-ll  and  S-1V  B atagea  of 
the  Saturn  V rocket.  The  acre  recently  developed  aluainiuw-tinc-aagneaiua  alloys  have  apecific  atrengtha 
of  approxiaately  0.71x10s  in  with  NTS/UTS  ratio  0.98tl.07. 

Austenitic  stainless  steels  of  1ST  chrouiua,  82  nickel  content,  in  the  annealed  condition  have  low  specific 
strengths  of  approxiaately  0.1x10s  in.  Improvements  -in  this  value  can  be  achieved  by  cold  working  the  ma- 
terial. AISI  Type  301  cold  -oiled  602  to  a minimum  tensile  strength  of  200,000  lb/in2  is  used  in  the  liq- 
uid oxygen  tanks  for  Atlas  and  the  liquid  oxygen  and  liquid  hydrogen  tanka  of  Centaur.  The  liquid  oxygen 
tanka  of  stainless  steel,  FSM1,  which  is  cold  rolled  to  a minimum  tensile  strenghtof  170,000  lb/in2. 

The  manufacturing  processes  used  in  all  the  above  tank  structures  are  similar.  The  wall  thicknesses  vary 
from  0.01  in  to  0.04  in,  and  the  tanks  are  fabricated  by  butt  welding  cylindrical  segments. 

For  the  future,  the  object  it  to  find  materials  that  have  improved  specific  strength  aluminium  alloys  with 
an  ultimate  strength  of  75x10*  lb/in2  at  68*F,  a NTS/UTS  ratio  of  1.0  at  68*F  and  0.9  at  -422, 0*F,  an  "as- 
welded"  NTS/UTS  ratio  of  0.85  at-422,9*F.  Some  of  the  aluminium-sinc-oagnesium  alloys  already  fullfill 
certain  of  the  above  conditions,  and  in  addition  have  the  following  characteristics:  insensitive  to  quench 
ing  rates,  resistance  to  hot  cracking  if  correct  welding,  procedures  are  employed,  and  age  hardened  natural 
ly  or  artificially  after  welding  to  yield  high  joint  efficiences. 

A more  intensive  effort  on  the  properties  of  fibre  reinforced  composities  is  necessary  before  they  can  be 
applied  with  confidence  in  light  weight  cryogenic  structures. 

Liquid-hydrogen  production  is  nowadays  based,  in  the  main,  on  natural-gas  feed-stock.  On  the  other  hand, 
water  electrolysis  for  hydrogen  (and  oxygen)  production  is  well  developed  for  specialized  applications. 
However,  it  uses  expensive  electrical  energy.  So  the  price  of  hydrogen  principally  reflects  power  costs. 
But  future  developments  in  water-splitting  systems  will  make  hydrogen  cost  competitive.  Over  the  long  haul, 
water  may  be  our  only  large-quantity  source  of  hydrogen. 

At  the  moment,  the  only  well-developed  water-splitting  process  we  have  is  electrolysis.  Solsr  energy  may 
some  day  power  hydrogen  generation!  And  hydrogen  may  prove  a better  medium  than  electricity. 

Projecting  to  the  last  decade  of  this  century  and  beyond  hydrogen  may  be,  as  a consequence  of  recent  events 
on  the  energy  front,  the  "economy  fuel"  of  the  future. 

However,  the  required  growth  of  the  liquid  hydrogen  industry  to  support  a fleet  cf  hydrogen- fueled  super- 
sonic transports  will  be  tremendous.  Ref.  3.  The  fact  that  the  single  largest  liquid  hydrogen  plant, 
placed  into  operation  in  support  of  the  U.S.  Space  Program  at  about  60  ton/day,  would  support  about  one 
flight  per  day  by  a single  supersonic  transport  (range  mile  4,200  n.mi,  cruise  speed  Kach  2.7,  payload 
250  passengers)  places  this  fact  in  striking  perspective. 

Ref.  4 examines  a production  rate  of  2500  ton/day  of  liquid  hydrogen  using  nuclear-electrolysis.  This 
equates  to  an  electrical  output  requirement  of  6,200  Ml,  or  about  six  1,000  MU  nuclear  units  of  the  size- 
class  currently  being  installed  into  US  electrical  utility  system.  This  would  service  about  50  aircraft 
flights  dayly  on  the  same  basis  as  described  above.  A production  level  of  2,500  ton/day  by  an  ocean-based 
solar-to-hydrogeo  facility  would  require  a collector  area  of  14x14  Km  array,  corresponding  to  0.00316 
watt /cm2. 

Hydrogen-fueled  aircraft  offer  worthwhile  environmental  gains:  emissions  of  carbon  monoxide,  carbon  diox- 
ide, hydrocarbons,  and  smoke  are  virtually  eliminated. 

Hydrogen  provides  for  a much  wider  fuel/air  ratio  operating  rauge  than  conventional  jet-fuel.  Because  of 
this,  hydrogen  fuel  brings  with  it  the  potential  for  theoretical  reductions  in  nitric  oxide  formation  of 
about  2 orders  of  magnitude  for  the  same  primary  zone  dwell  time.  Ifciell  time  is  a measure  of  the  time  the 
combustion  products  remain  at  full  temperature  prior  to  air  dilution  and/or  expansion  in  the  turbine,  usu- 
ally the  order  of  millisecond  or  so.  A second  significant  route  to  lovei  oxides  of  nitrogen  production  is 
much  higher  "space  heating  rates"  of  the  hydrogen:  this  giving  the  possibility  to  considerably  shorten  en- 
gine combustor  length  and  associated  dwell  times. 

The  relative  impact  of  oxides  of  nitrogen  and  water  vapor  on  the  stratosphere  by  a hydrogen  airplane  is 
not  yet  known.  The  effect  of  nominal  increase  in  water  vapor  exhausted  at  high  altitude  may  be  too  high 
with  supersonic  flight:  subsonic  aircraft  are  limited  to  the  upper  atmosphere  with  its  much  more  aetive 
circulation  and  "turnover  times".  Ueattur  and  climate  modifications,  as  a result  of  injection  of  water 
and  nitric  oxide,  should  derive  froa  the  possible  reduction  of  the  naturally  occurring  ozone  in  the  lower 
stratosphere  with  the  result  that  atmospheric  ozone  in  the  lower  atmosphere  is  turned  to  oxigen,  thus  redie 
ing  the  shielding  capability  of  the  ozone  layer  and  increasing  the  amount  of  ultraviolet  radiation  reaching 
the  earth's  surface. 

wmuxxh  tmtti  stiBsotac-sumsoeiie  aircraft 

The  convenience  of  hydrogen  as  fuel  for  commercial  aviation  appears  from  the  flight  efficiency  values 
K/q*t/t>,  figure  1. 

Specific  fuel  consumption  q with  JF  fueled  variable  cyele  engines  is  increasing  with  flight  speed  from 
0.45  lb  fuet/tb  thrust/hr  (low  speed)  to  0.9  (M  * 0,9)  and  to  1.6  (N  « 3.0).  Aerodynamic  efficiency  l/D 
with  JP  fueled  aireraft  has  a value  of  12  * 16  for  subsonie  transport  and  of  9 for  supersonic  transport 
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tike  Concord*  and  Booing  2707. 

Therefor*,  maximum  flight  efficiency  ie  12  t 16  for  eubeonic  transport  and  nay  b*  to  high  for  supersonic 
transport  at  the  highest  speed,  both  with  JP  fuel. 
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Specific  fuel  consumption  q with  hydrogen  fueled  engines  nay  be  about  0.21  t 0.30  in  subsonic  flight  and 
0.45  t 0.60  at  H • 2.7  t 3.0.  Aerodynamic  efficiency  L/D  with  hydrogen  fueled  aircraft  has  a value  of 
12  r IS  for  subsonic  transport  and  7.S  t 10  for  supersonic  transport. 

Therefore,  maximum  flight  efficiency  nay  be  wore  than  three  tine  using  hydrogen  fuel  instead  of  JP  fuel, 
both  for  subsonic  and  supersonic  transport,  considering  t...  ^osibility  to  adcqu'.ce  aerodynamic  configure 
lion  and  propulsion  to  the  hydrogen  higher  specific  volume  and  heating  value. 


Sow,  in  terms  of  range/payload  related  to  subsonic  and  supersonic  transport  using  JP  fuel,  it  is  known 
that:  a subsonic  aircraft  carries  a passenger  payload  of  about  102  of  its  gross  weight  (or  a distance  of 
S600  n.  miles,  an  amount  corresponding  to  452  of  the  gross  weight  being  reserved  to  the  fuel;  in  a super- 
sonic sircraft  similar  to  the  Boeing  2707,  for  the  saae  gross  weight  and  structural  weight  a range  of  ap- 
proximately 3500  n.  miles,  the  paylosd  fraction  is  reduced  tn  6.52  of  the  gross  weight.  This  percentage 
increases  to  12.52  if  the  lift-to-drag  ratio  increases  from  7.5  to  10,  assuming  that  the  off-loaded  fuel 
weight  could  be  directly  replaced  by  payload  weight  (fuel  percentage  from  552  to  492  of  the  gross  weight). 


As  numerical  example  about  the  feasibility  of  using  liquid  hydrogen  for  both  subsonic  and  supersonic  trana 
ports,  we  refer  to  the  study  performed  by  Lockheed-California  for  NASA-Ames,  Kef.  1. 


The  subsonic  study  analyzed  the  potential  of  a hydrogen-fueled  equivalent  of  an  L-1011  Tristar.  The  Lltj 
version  was  required  to  match  the  mission  capability  of  the  original:  payload  56,000  lb,  range  3,400  n. 
miles,  cruise  speed  M - 0.62,  engines  of  equal  thrust. 

Performance  characteristics  resulted,  for  the  JP  fueled  version  and  (the  LH2  fueled  version): 


gross  weight  430,000  lb  (318,000  lb) 
payload/gross  weight  132  (17.62) 
fuel  weight  137,000  lb  (46,650  lb) 
fuel/gross  weight  31.8S2  (14.652) 
fuel  volume  2,920  cu  ft  (11,050  cu  ft) 
aerodynamic  efficiency  L/D  • IS. 5 (12.6) 

specific  fuel  consumption  q ■ 0.677  lb/lb/hr  (0.216  lb/lb/hr) 


The  LH2  version  showed  an  increase  of  2782  of  fuel  volume,  requiring  two  t*nks  mounted  on  the  wing  to  carry 
the  hydrogen.  A reduction  in  L/D  of  over  182  for  the  wing  tanks  introduced  a penalty  in  aerodynamic  per- 
formance. Engine  performance  with  hydrogen  vas  assumed  to  be  only  122  lover  in  specific  fuel  consumption. 
Such  subsonic  study  showed:  a flight  efficiency  ^ l./D  » 15.5  ■ 18.8  for  the  JP  fueled  original  ver- 
sion, and  12.6  * 47.8  for  ehe  LH2  fueled  version;  a potential  saving  in  gross  weight  of  262,  in  fuel 

weight  of  6iz,  end  in  wing  area  of  18.22. 


The  Lockheed  supersonic  study  analysed  a hydrogen-fueled  errow-wing  aupersoeic  transport  design,  in  comps£ 
ison  with  an  equivalent  JP-fueled  design.  Both  vehicles  were  designed  to  the  same  ground  rules:  1981  state 
of  the  art;  the  seme  FAA  standard  for  noise,  for  takeoff  and  landing,  and  for  reserve  fuel.  The  LH2  ver- 
sion was  required  to  match  the  mission  capability  of  the  JP  version:  payload  49,000  lb  (234  passengers), 
range  4,200  n.  sales,  cruise  speed  N • 2.7. 

Performance  characteristics  resulted,  for  the  JP  fueled  SST  and  (the  LH2  fueled  5ST): 


- gross  weight  750.000  lb  (379.000  lb) 

- payload/gross  weight  6,52  (132) 

- fuel  weight  391,300  lb  (98,000  lb) 

- fuel/groea  weight  522  (25.852) 

- fuel  volume  8,290  eu  ft  (22,100  cu  ft) 

- aerodynamic  efficiency  L/D  » 7,5  (8.0) 

- specific  fuel  consumption  q • 1.51  tb/lb/hr  (0.541  Ib/lb/hr) 

- thrust  per  each  of  the  4 engines  89,500  lb  (47,350  lb) 

- energy  per  seat  mile  6102  ITU/seat  n.  mi.  (4)75  ITU/seat  a.  mi. 


> 


The  Utj  version  showed  an  increase  of  2672  of  fuel  volume,  requiring  two  large  fuel  contsinement  areas  on 
the  fuselage  in  front  and  baek  of  the  passenger  cabin  (with  upper  and  lower  seating  areas),  35  ft  longer 
than  the  JP  version.  Such  supersonic  study  showed:  s flight  effieisney  ^ L/D  « 7.5  • 13.4  for  the  if 

fueled  version,  and  JTJJJ  * • • 38.5  for  the  LMj  fueled  version;  a potential  saving  io  gross  weight  of 
in  fuel  weight  of  752j  and  in  wing  area  of  302. 

It  it  dear  there  are  i^ortaat  gains  by  using  Hydrogen  for  fuel  in  commercial  transport  aircraft.  This 
because  it  (esds  to  lower  operating  cost  for  the  airlines:  maintenance  items  due  to  low  gross  weight, 
smaller  engines,  lower  airframe  weight,  sad  energy  expended  per  available  seat  mils. 


SOI, 


The  relatively  large  fuel  fraction  for  the  IN2  fueled  supersonic  transport  it  primarily  responsible  for 
the  poor  payload  fraction.  The  fuel  is  utilised  as  it  follows:  take-off,  climb  and  acceleration  about  292. 
cruising  phase  of  flight  402,  descending  and  landing  1.92,  reserve  fuel  13.92. 

The  variable-cycle  engine,  for  which  the  apeeifie  fuel  consumption  increases  gradually  from  subsonic  flirfit 
to  lew  supersonic  Mach,  operates  as  a bypass  ratio  engine  at  subsonic  speeds  and  as  a turbojet  in  the  super 
sonic  speed  range.  The  large  potential  benefits  of  the  variable  cycle  engine  make  it  an  attractive  candi- 
date for  intensive  future  research  and  development. 


~r-  • e* 


fh*  flight  efficiency  | t/D,  for  JP  and  Lhj  fueled  conmMrcisl  aircraft!  ia  shown  in  figure  1 as  a function 
of  Mach  number  for  a present-generation  supersonic  transport, and  for  advanced  arrow  wing  and  variable- 
aweep  concepts  equipped  with  both  dry  turbojets  and  variable  bypaaa  ratio  engines. 

The  following  points  are  immediately  apparent  fro*  an  examination  of  the  curves  presented  in  figure  1 for 
both  JP  and  Uij  fueled  transport  aircraft: 

■ large  improvements  in  the  range/payload  characteristics  of  future  supersonic  transport  aircraft  are  made 
possible  by  the  higher  flight  efficiency  of  the  arrow  wing  aircraft  employing  a non-afterburning  engine, 
in  the  renge  of  Mach  numbers  corresponding  to  climb  and  acceleration  and  to  cruise  flight  Mach  number  of 
2.7,  especially  using  liquid  hydrogen; 

Che  use  of  a variable  cycle  eogine  results  in  a higher  flight  efficiency  at  subsonic  and  supersonic 

We  hsve  seen  that,  referring  to  subsonic  and  supersonic  comntrcial  transport  aircraft,  potential  gains  in 
performance  are  associated  with  the  use  of  advanced  arrow  wing  and  variable-sweep  concepts  (for  subsonic 
speeds)  together  with  light  variable-cycle  engines.  The  use  of  hydrogen  fuel  provides  another  approach 
for  achieving  improved  flight  efficiency. 

For  other  applications  and  for  higher  cruise  supe-ioaic  Mach  number,  hydrogen  fuel  and  variable-cycle  en- 
gines may  be  a good  way  to  improve  performance  characteristics. 

VAIiABU  CXCMmtY  conn  ORATIONS  FOX  TUMO-iAMJET  AIKCEAFT 

The  high  specific  i^ulse  of  the  turbo-ramjet,  a variable  geometry  and  multicycle  engine  as  in  the  akeeck 
of  figure  2,  makes  possible  to  increase  range  and  cruise  speed  of  the  turbojet,  maintaining  high  perform- 
ances with  the  aid  of  a complex  control  system. 

For  low  flight  speed,  the  engine  ia  operating  as  a normal  turbojet,  with  the  primary  airflow  going  through 
both  cosqjreseors  of  low  and  high  pressure,  and  the  secondary  airflow  going  through  the  low  pressure  com- 
pressor sad  the  bypass  duct.  When  the  flight  speed  har  reached  Mach  3,  the  intake  compression  is  suf- 
ficiently high  for  a propulsion  cycle  and  the  mechanical  driven  compressor  ia  no  more  uccessary.  The  flap 
bypass  (B)  ia  thus  closed  to  elw..ate  the  turbomachina , and  the  plant  ia  starting  to  operate  as  a ramjet, 
using  existing  afterburners  for  combustion.  The  air  intake  cross  section  ia  adjusted  through  a variable 
collar  (A)  actuator;  the  exhaust  nozzle  throat  and  exit  areas  are  adjusted  through  two  retractable  coaxial 

duces  <C),  (0).  The  flap  bypaaa  (B)  in  front  of  the  second  compressor  closes  the  high  pressure  section  of 

the  engine. 

Engine  operation  phases  are  as  it  follows: 

takeoff:  intake  collar  (A)  fully  open;  flap  bypass  (B)  open  and  high  pressure  section  operating;  exter- 
nal nozzle  duct  (10  retracted  and  internal  nozzle  duct  (C)  partially  extended  to  give  nozzle  cross  sec- 
tion area  sufficient  for  a low  heatiug  degree  through  afterburners  (E).  After  takeoff  and  during  sub- 
sonic climb,  flaps  (A)  and  (B)  remain  unchanged,  aa  well  as  the  maximum  power  rating  of  the  high  pres- 
sure section.  The  nozzle  exit  cross  section  area  ia  gradually  increased,  retracting  the  internal  duct 

(C)  to  adequate  the  rising  gas  flow  temperature; 

” transonic  acceleration:  as  at  takeoff;  bu;  the  ramjet  aft«rburnere  are  completely  operating,  and  the  in- 
ternal and  external  nozzle  ducts  (C),  (0),  are  fully  retracted  to  give  maximum  nozzle  exit  area; 

~ superzonic  cruize  for  M»  i:  during  supersonic  elimb.  the  intake  air  cross  section  area  is  gradually 
reduced  through  flap  (A)  and  variable  ramps  (F).  At  about  M • 3,  the  high  pressure  section  is  excluded. 
For  higher  Mach,  the  low  pressure  eompreszor  ia  freely  rotating,  and  the  whole  airflow  has  going  to  the 
ramjet  heating  system.  Both  the  nozsle  ducts  (C),  (D),  are  extended  to  reduce  the  throat  area  and  to 
increase  the  exit  area  for  full  ramjet  heating; 

- a ub sconce  cruise:  air  intake  area  fully  open  for  subsonic  operation;  flap  bypass  (»)  open  and  fuel  flow 
in  the  combustion  chamber  for  turbojet  operation;  external  nozzle  duet  (0)  retracted  and  internal  ouet 
(C)  adjusted  fer  the  required  nozzle  exit  area. 

These  operation  phases  require  a lot  of  conerol  and  variable  geometry. 

Tw  design  a composite  engine  like  the  one  in  figure  2,  suitable  for  a speed  field  from  low  subsonic  to  high 
supersonic,  we  have  to  ee-eaneider  the  variable  geosntry  inlets  and  nozzles,  their  interfaces  with  the  ram 
jet  and  turbojet  engines,  and  the  flow  separation  and  mixing  conditions. 

The  main  function  of  the  intake  consists  of  picking  up  efficiently  the  atmospheric  air  requested  by  the  ea 
gine  and  delivering  it  as  a high  quality  flow.  To  meet  the  very  stringent  specifications  imposed  on  the  ~ 
iutake  because  of  its  interference  with  the  propulsion  units,  several  controlled  elements,  movable  or  ex- 
pansible, are  necessary. 

Figures  3 and  4 show  sketches  of  two  types  of  variable  geometry  supersonic  inlets,  two-dimensional  and 
axisjmetrte  respectively.  Both  two-dimensional  and  axisjwxetric  designs  are  used  for  mixed  eosipzeaaioa 
inlet,  figures  4 and  i.  Some  of  the  different  mixed  eomprexaion  inlet  design  types  are  illustrated  ia  ii£ 
ure  b.  (a  order  to  produce  high  thermodynamic  performance,  a mixed  compression  inlet  «i*t  approximate 
critical  operation  (terminal  shock  just  aft  of  the  threat)  requiring  precise,  rapid  response  control  of 
throat  flow  conditions;  as  the  inlet  ia  figure  7,  corresponding  to  the  ramjet  starting  condition  oi  the 
tutbe-ramjet  ia  figure  2. 

the  schematic  view  e^f  the  intuit  shown  in  figure  i*  kef.  i*  two  major  geometry  compoaeafs  ate  incorpo- 
rated ta  obtain  the  aecetsavy  geometry  variations  needed  for  engine  airflow  matching  at  transoaie  speeds 
end  for  peeper  flew  grea  contraction  «t  supersonic  speeds.  The  flow  area  required  for  transonic  engine 


airflow  matching  i*  shown  as  the  minimum  flow  area  jusf  aft  of  the  intake  cowl  lip  station.  This  area 
allows  a flow  Mach  number  of  0.85  at  full  engine  power  and  includes  allowance  to  pass  the  engine  secondary 
air  cooling  flow.  To  obtain  the  flow  area  variation  required  between  the  curves  labeled  "takeoff"  and 
"transonic",  a set  of  four  cowl  throat  doors  is  used.  These  arc  90*  segments  of  the  inner  cowl,  hinged  at 
the  forward  end  and  rotated  outward  between  parallel-sided  (90*)  structural  beams  in  the  intake.  For  super 
sonic  airflow  matching,  the  centerbody  retracts  from  its  fully  extended  position.  The  intake  internal  flow 
area  variation  provided  by  this  translation  is  shown  in  the  area  progression  curves  of  figure  8 as  the  ar- 
ea decreases  between  the  curves  labeled  "takeoff"  and  cruise”. 

A schematic  of  the  secondary  air  valves  and  overboard  bypass  and  takeoff  doors  is  shown  in  figure  9.  There 
arc  eight  butterfly-type  secondary  air  valves,  two  per  90*  segment  in  the  intake  secondary  flow  channel. 
They  are  used  to  regulate  cooling  air  to  the  engine  secondary  nozzle,  to  serve  as  a fine  control  for  posi- 
tioning the  normal  shock  during  started  intake  operation.  There  are  four  overboard  by-pass  doors,  one  per 
90*  segment.  These  doors  perform  the  well  known  function  of  spilling  the  large  amounts  of  intake  excess 
airflow  that  occur  during  airplane  descent  and  inoperative  engine  conditions. 

The  intake/ landing  (M  < 0.5)  configuration  is  shown  in  figure  9 b,  where,  the  centerbody  is  extended,  the 
throat  and  overboard  bypass  doors  are  closed,  and  the  secondary  air  valves  are  open.  The  minimum  duct 
ftow  area  now  occurs  well  aft  in  the  Intake  as  shown  in  figure  8.  With  the  throat  doors  in  the  closed  po- 
sition, the  auxiliary  takeoff  doors  arc  allowed  to  float  free  of  the  overboard  bypass  door  frames.  On  fi£ 
ure  10  it  is  shown  a generalized  schematic  view  of  the  buz?  suppression  mode,  u.th  the  centerbody  fixed  at 
an  extended  position  of  90T  of  full  travel  and  the  throat  doors  are  placed  at  902  of  the  full  open  posi- 
tion. The  buzz  suppression  control  mode  is  manually  initiated  during  climb  at  approximately  Mach  1.2  (to 
Mach  2.9  in  the  figure). 

For  higher  Mach  number,  from  3 to  5,  the  starting  conditions  of  cite  mixed  supersonic  compression  inlet  of 

the  turbo-ramjet  of  figure  2 are  theoretically  to  be  found  in  a configuration  such  that  a normal  shock 

occurs  right  at  the  entrance  of  the  internal  convergent  section, because  of  variable  geometry.  The  air 
intake  needs  a centerbody  retracting  and  extending  to  obtain  a minimum  flow  area  variation.  A sketch  of  a 
propulsive  assembly  is  shout,  in  figure  11,  where  ic  is  a’so  indicated  a possible  supersonic  chamber  of  com 
bustion.  The  air  intake,  destined  Co  feed  a chamber  of  combustion  operating  on  supersonic  airflow  at  max_i 
mum  flight  Mach  number,  comports  a conical  nose  and  an  asnular  supersonic  convergent  nozzle,  figure  12  a). 
The  only  adjustment  of  this  air  intake  is  the  displacements  4 the  centerbody  to  modify  the  variable  geom- 
etry as  function  of  the  flight  speed.  When  the  annulet'  nozzle  becomes  convergent-divergent  with  a throat 
area,  as  in  figures  12  b)  and  12  c),  the  airflow  at  the  exit  and  in  the  chamber  goes  through  subsonic 

mixing  and  combustion.  In  the  case  of  supersonic  turbulent  scream,  the  important  factor  is  Che  time  need 

ed  to  mix  and  burn  the  fuel/air.  The  enormous  velocities  involved  require  extremely  short  overall  times 
in  order  that  combustion  chamber  lenghts  will  not  be  excessive.  The  longest  process  is  generally  the  mix- 
ing and  hence  the  combustion  must  take  place  in  a much  shorter  time  to  minimize  the  overall  time.  The 
combustion  chamber  leugth  would  then  correspond  closely  to  the  length  required  for  mixing  only. 

The  air  intake  of  a turbo-ramjet  Like  the  one  in  figure  2 is  largely  designed  to  decelerate  the  air  flow 
approaching  at  the  flight  Mach  number,  with  the  low  ssibie  loss,  to  the  subsonic  velocity  which  is 
determined  by  the  requirements  of  the  subsequent  c : compressor  or  combustion  chamber.  This  decel- 
eration is  carried  out  in  a wholly  or  partly  closed  >r  or  partly  variable  geometry,  but  usually  with 

out  using  rotating  parts. 

The  pre-entry  flow  of  the  air  intake  is  characterized  sharp  rise  in  pressure.  At  supersonic  speed, 

the  pressure  rise  corresponds  to  the  deceleration  of  ai  through  a shock  wave  system,  which  may  or  may  not 
be  followed  by  a further  subsonic  deceleration  before  the  entry. 

For  subsonic  and  possibly  low  supersouic  speeds,  the  pre-entry  pressure  rise  poses  no  particular  problem 
in  relation  to  design  for  good  pressure  recovery  and  flow  distribution.  For  supersonic  speed,  the  pre- 
entry pressure  rise  has  an  important  influence  on  the  design,  on  account  of  its  interaction  with  boundary- 
layers  in  the  flow  field  approaching  the  entry  plane  (figure  13).  The  pre-entry  pressure  ri«j  causes  dis- 
tortion of  the  boundary- layer  profile  and,  in  many  cases,  flow  separation.  It  is  accepted  pratiee  to  mini 
mize  the  interaction  effect  by  use  of  a boundary- layer  bleed  or  diverter.  To  the  extent  to  which  the  bound 
ary-layer  is  thereby  by-passed  from  the  main  intske,  the  viscous  interaction  effeels  are  eliminated  and  de 
sign  values  of  pressure  recovery  and  flow  uniformity  are  achieved. 

In  fact,  intakes  designed  for  efficient  operation  at  Mach  number  above  2 have  at  least  a small  amount  of 
boundary  layer  bleed  extracted  in  the  region  of  the  terminal  shock  wave  of  the  supersonic  compression  sys 
tern.  For  example,  in  the  two-dimensional  shock  system  shown  in  figure  14,  the  bleed  mass  flow  is  contr>* 
led  by  an  orifice  at  the  exit  to  the  bleed  chamber  extending  through  the  engine  bay  with  the  controlling 
orifice  formed  by  the  expansion  boundary  of  the  primacy  jet  and  the  nozzle  divergence  wall  in  the  nozzle 
secondary  system.  In  figure  15  the  two-dimensional  ■>,  i-external  compression  design  with  three  external 
compression  surfaces  has  the  initial  compression  surface  and  the  inlet  eeuling  fixed,  yielding  a eonvetioa 
al  constant  capture  area  induction  systev  lesign.  The  second  and  the  third  external  compression  surfaces 
tughether  with  the  subsonic  diffuser  ramp  may  be  rotated  indipendeat ly  about  their  respective  hinge  axes. 


tahoard  and  outboard  side  walls  are  provided  in  control  lateral  flow  spillage  from  the  inlet.  Finally, 
the  design  embodies  a bleed/bypass  slot  located  just  downstream  from  the  cowl  closure  station,  for  the 
purpose  of  boundary  ‘ayer  and  exeeas  flow  management . The  throat  slot  ftow  is  connected  with  a plenum  re- 
gion to  a fully  articulated  convergent  exit  door  located  at  the  aircraft  wing  top  surface. 

For  instance,  the  optimum  efficiency  of  the  propulsion  system  throughout  the  entire  flight  envelope  of  a 
fighter  aircraft  with  high  supersonic  speed  capability  requires  a variabte  geometry  air  intake,  as  in  fig- 
ure lb.  the  intake  is  of  the  two-dimensional,  horizontal,  double  wedgr,  external  compression  type,  with 


an  approximate  square  cross-section  at  the  intake  lip  plane  and  is  comprised  of  a fixed  first  ramp,  a sec- 
cond  ramp  hinged  at  its  front  edge  and  a third  ramp  hinged  at  its  rear  edge  forming  the  upper  surface  of 
the  intake.  Variation  of  the  intake  geometry  is  accomplished  by  the  movement  of  the  second  and  third 
ramps  by  means  of  a hydraulic  actuation  system  through  a linkage.  Between. the  two  movable  ramps  a wide 
slot  is  provided  by  which  bleed  air  is  exhausted  overboard  through  fixed  bleed  exits  on  top  of  the  intake. 
It  is  purpose  of  the  air  intake  control  system  to  position  the  variable  surfaces  of  the  intake  in  order  to 
match  intake  airflow  to  engine  demand  at  acceptable  distortion  levels  to  provide  the  maximum  possible  in- 
stalled thrust  of  the  powerplant  system  under  steady  state  and  transient  operating  conditions  over  the 
whole  flight  envelope. 

The  basic  choice  for  inlet  placement  may  be  guided  by  several  operational  factors  of  aircraft  utilization 
such  as  missile  and  weapon  placement,  and  foreign  object  ingestion  from  unprepared  runways.  A common  de- 
sign feature,  of  recent  iactical  aircraft  is  the  placement  of  the  inlet  on  the  side  of  the  fuselage  where 
each  inlet  is  supplying  air  to  one  engine,  as  in  figure  17.  In  such  a way,  the  fuselage  cross-sectional 
shape  effects  the  performance  and  operational  stability. 

In  the  Concorde  powerplant,  figure  18,  the  intake  is  mounted  off  the  wing  with  a vertical  separation  calcii 
lated  to  eliminate  wing  boundary  layer  ingestion  at  1 g'  conditions  at  2.0  M.  The  intake  compression  geom 
etry  is  predominantly  externa,,  compression,  designed  for  first  shock  on  lip  at  a local  Mach  number  of  2.1 
M.  Intake  geometry  is  varied  by  meat,  if  the  movable  front  compression  surface  (front  ramp)  and  a spill 
door  mounted  in  the  floor  of  the  main  diffuser  (dump  door).  The  bleed  air  is  used  to  ventilate  the  engine 
bay  before  being  exhausted  via  the  dual  stream  secondary  nozzle. 

The  intake  of  the  turbo-ramjet  of  figure  2 is  of  axisynmetric  design  as  in  figure  19.  This  may  be  fol- 
lowed by  a multistage  split  flow  fan,  freely  or  power  rotating,  in  conjunction  with  an  independent  multi- 
stage core  compression,  as  in  figure  20.  The  modem  conventional  engine  technology  put  at  disposal  for 
this, the  duct-burning  turbofan,  as  the  SCAR  engine  shown  in  figure  21,  associated  with  variable  stator 
vanes  operated  by  individual  stage  support  rings  and  vane  actuating  levers.  The  pin  in  each  lever  engages 
in  its  respective  slot  in  one  of  the  actuating  rings  which  fit  around  che  compressor  casing  and  move  cir- 
cumferentially on  bearings  located  in  the  support  rings.  The  actuating  rings  are  positioned  by  the  actua- 
tor assembly  which  pivots  the  vanes  to  the  desired  angle. 

The  structural  assembly  of  the  ramjet,  following  in  figure  2 the  split  fan,  may  consist  of  a Hastelloy  skin 
backed  by  an  integral  offset-fin  ring-stiffened  heat  exchanger  through  which  the  hydrogen  fuel  is  circu- 
lated to  provide  cooling  of  the  structure  before  injection  in  the  combustor.  From  Mach  3 to  Mach  5 the 
performance  is  considered  for  subsonic  operation;  at  Mach  6 it  should  be  possible  subsonic  and  supersonic 
combustion  operation,  and  at  Mach  7 supersonic  combustion. 

The  variable  geometry  nozzle  can  only  be  chosen  in  the  light  of  its  combined  effect  with  the  intake  on  the 
overall  aircraft  affected.  The  throat  bleed  flow  from  the  intake  may  be  taken,  figure  22,  to  the  exterior 
and  exhausted  separately.  From  practical  Considerations  it  is  found  to  be  essential  to  supply  the  nozzle 
with  an  amount  of  air  extra  to  the  primary  system  in  order  to  give  good  performance  and  flexibility.  How- 
ever, as  the  bleed  air  passes  from  the  intake  throat  to  the  secondary  system  of  the  nozzle  it  will  incur 
losses  which,  if  large,  will  seriously  affect  the  balance  of  the  system,  resulting  in  losses  in  overall 
performance.  The  position  and  size  of  the  annulus  through  which  the  secondary  air  flow,  figure  22,  is  in- 
troduced into  the  divergence  of  the  nozzle  has  a profound  effect  on  the  quantity  and  quality  of  the  flow 

that  the  nozzle  will  accept. 

A large  variety  of  r.ozzle  systems  exists  nowadays,  Ref.  6,  each  having  its  particular  features.  Figure 
23  gives  a survey  of  various  designs.  The  fixed  convergent  nozzle  is  used  with  airplanes  for  subsonic 
flight,  only  without  thrust  augmentation  by  afterburning,  such  as  wi  ;h  civil  transports.  Early  jet  fighter 
aircraft  used  ejector  nozzles.  Turbojets  needed  a flow  of  secondary  cooling  air  which  could  be  obtained 
from  the  ejector  action  of  the  primary  jet.  This  it  is  still  true  for  turbojet  engines  for  supersonic 
transports.  A later  development  was  the  introduction  of  extra  tertiary  air  intakes  at  the  nozzle  loca- 
tion. These  blow-in-door  ejector  nozzle  gave  performance  gaines  at  transonic  flight. 

A good  intake/nozzle  matching  may  be  reached  in  the  case  of  the  turbo-ramjet  engine,  as  in  figure  2 where 

it  is  possible  to  vary  both  the  nozzle  throat  and  exit  areas. 

The  first  airframe/turbo-ramjet  integration  was  realized  with  the  Griffon,  figure  24,  a delta-winged  air- 
craft designed  in  1953  to  meet  the  requirements  of  a light  interceptor  program.  It  carried  out  300  experi 
mental  flights,  reaching  a Mach  number  of  2.2.  Only  structural  limitations  on  the  airframe  prevented  it 
from  flying  at  even  higher  Mach  numbers. 

It  consisted  essentially  of  a coaxial  arrangement  of  ramjet  and  turbojet  with  common  air  inlet  and  exit 
nozzle.  Part  of  the  captured  air  was  spilled  around  the  turbojet  to  feed  the  ramjet  combustion  chamber 
which  surrounded  the  turbojet.  This  was  a SNECMA  Atar  101  E3  dry  turbojet  with  7,700  lb  static  thrust,  Mach 
limited  to  1.85.  No  need  for  variable  geometry,  either  for  the  inlet  or  the  nozzle,  arose.  In  fact,  the 
inlet  efficiency  resulting  from  the  combination  of  the  oblique  shock  from  the  fuselage  spike  and  the  normal 
shock  at  the  inlet  face  was  quite  acceptable.  Also  along  the  climb  path,  air  inlet  and  exit  nozzle  re- 
mained well  matched.  The  ramjet  was  ignited  at  about  Mach  0.5.  Considerable  acceleration  resulted,  per- 
mitting rapid  passage  through  the  transonic  range  and  supersonic  climb. 

Satisfactory  results  are  made  clear  by  looking  at  figure  25,  Ref.  7.  It  shows  the  drag  of  the  Griffon 
along  a typical  climb  acceleration  profile.  The  lowest  curve  gives  the  thrust  coefficient  of  the  turbojet 
and  the  upper  curve  the  thrust  coefficient  of  the  turbo-ramjet.  It  shows  that  considerable  excess  thrust 
was  available.  As  a reference  is  a. so  plotted  the  thrust  coefficient  of  the  ATAR  G,  which  was  the  after- 
burning version  of  the  ATAR  101  E3,  used  on  the  Griffon. 


Interference  between  the  turbojet  exit  end  the  ramjet  was  negligible  in  flight. 


<:j  Some  aerodynamical  aircraft  configuration  may  be  chosen  to  incorporate  hydrogen  fueled  turbo-ramjets.  For 

i example,  to  meet  the  re-viirement*  of  a high  supersonic  military  interceptor  of  fighter  airplane,  a mod- 

ified  shape  of  the  original  Griffon  may  be  a good  solution,  as  in  figure  26.  The  axisymmetric  inlet  and 
the  compos:'?  engine  must  be  selected  to  be  compatible  with  each  other  and  with  the  mission  and  to  achieve 
improved  performances  during  maneuvers,  thrust  changes,  and  atmospheric  disturbances.  An  electronic  con- 
trol must  be  designed  to  ensure  efficiency  and  tolerate  the  transients.  The  importance  of  the  inlet  design 
may  be  understood  considering  that,  for  exaqtle  at  Mach  2.5,  the  inlet  generates  half  of  the  thrust,  the  en 
; | gine  supplying  the  remainder. 

The  three  inlet  performance  characteristics  which  have  the  largest  effect  on  aircraft  range  are  total  prej» 
sure  recovery,  boundary  layer  bleed,  and  cowl  drag.  Fighter-type  aircraft  use,  at  supersonic  speed,  all- 
external  compression  inlet  (area  change  that  occurs  in  front  of  the  cowl  lip) . Long  range  cruise  vehicles 
•*  use  a mixed-comprf  "sion  inlet,  figure  27.  The  cowl  angle  determines  the  strength  of  the  shock  generated 

by  turning  suddenly  the  supersonic  flow.  Since  diag  and  pressure  recovery  both  affect  aircraft  range,  it 
is  necessary  to  select  an  optimum  cowl  angle. 

Boundary  layer  bleed  flow  is  needed  to  avoid  separation  and  to  provide  good  performance.  The  reason  for 
that  is  because,  at  a flight  Mach  number  of  2.5,  the  static  pressure  ratio  across  the  rupersonic  section 
of  an  inlet  is  about  11,  pressure  gradient  that  acts  against  the  flow  and  causing  it  to  separate  from  the 

walls.  This  problem  is  controlled  by  removing  some  of  the  low  energy  air  (boundary  layer  bleed)  noar  the 

1 walls  at  the  points  where  the  shock  waves  reflect.  Facing  the  flow  an  additional  pressure  rise  in  the  sub 

t sonic  section  of  the  inlet,  enough  low-energy  air  is  removed  to  help  the  flow  through  this  sectic-;  too. 

^ The  inlet  control  is  realized  with  bypass  doors.  A signal  that  represents  measured  shock  position  is  fed 

A to  the  control  for  comparison  with  requested  shock  position.  The  difference  causes  the  control  action, 

j.  positioning  the  bypass  door  to  maintain  a nearly  constant-airflow. 


The  controllability  of  a mixed-compression  inlet  can  be  improved  by  integration  of  the  inlet  and  engine 
control  systems;  this  provides  an  alternate  approach  for  handling  the  turbojet  light-off  and  the  ramjec 
light-in  and  viceversa. 

In  the  turbo-ramjet  propulsion  system,  the  control  inputs  include  inlet  shock  position,  engine  rotor  speeds, 
ramjet  operation,  and  other  appropriate  propulsion  system  pressures  and  temperatures.  The  control  outputs 
are  inlet  bypass  door  position,  spike  position,  fuel  flows  (both  turbojet  combustion  chamber  and  ramjet 
burners),  compressor  stator  vanes  or  bleeds,  and  exhaust  nozzle  area.  In  the  automatic  integrated  control, 
each  of  these  control  inputs  directly  affects  each  of  the  control  outputs,  for  their  best  use. 

The  inlet's  role  is  extremely  important  with  high  supersonic  cruise  transport  aircraft.  At  Mach  3,  the 
inlet  generates  about  70  percent  of  the  thrust.  If  the  inlet  unstarts,  its  pressure  recovery  drops  drasti 
cally,  which  can  upset  the  flight  stability.  To  solve  this  problem,  bleed  happens  from  the  inlet  throat, 
where  a porous  skin  is  installed. 

For  supersonic  transport  aircraft,  the  location  of  the  turbo-ramjet  engines  is  important  to  the  performance 
and  safety.  Problems  regarding  various  arrangemen-s  of  the  propulsion  packages  relative  to  one  another 
arise  from  the  fact  that  unstarts  of  mixed  compression  inlets  cannot  presently  be  completely  eliminated, 
and  that  the  unstart  of  one  inlet  must  not  initiate  the  unstart  of  an  adjacent  one,  since  the  two  unstarted 
adjacfht  inlets  would  precipitate  extreme  rolling  and  yawing  moments.  For  that,  it  was  proposed  the  twin 
inlet  design,  as  in  figure  28.  This  arrangement  places  two  propulsion  packages  in  a single  nacelle  and  aj: 
tempts  to  insure  independent  operation  by  employing  a splitter  plate  which  divides  the  nacelle  and  extends 
forward,  isolating  two  inlets.  This  arrangement  allows  placement  of  the  engines  more  nearly  on  the  center 
line  of  the  transport  aircraft,  which  is  desiderable  for  structural  and  aerodynamic  reasons. 

Other  possible  arrangements  of  turbo-ramjet  engines  with  two-dimensional  inlets  and  variable  centerbodies 
to  change  the  geometry  for  off-design  operation,  usually  for  flight  Mach  number  no  more  than  3,  are  shown 
in  figures  29,  30,  31  and  32. 

HYDROGEN  FUELED  TURBO- RAMJET/ AIRCRAFT  BASELINE  DESIGN 

To  assure  realistic  frameworks  for  baseline  designs,  representative  advanced  supersonic  strike  and  trans- 
port configurations  were  established,  figures  33  and  34,  to  meet  the  requirements  of  typical  mission  scena 
rios. 

The  defined  missions  and  their  ranges,  figures  35  and  36,  served  as  references  for  the  induction  system/' 
mission  effectiveness  analyses  and  the  preliminary  propulsion  system  development,  while  the  aircraft  config 
urations  theirselves  provided  the  basic  geometries  for  overall  designs. 

The  multi  mission  combat  aircraft  of  figure  33  is  a twin-turbo/ramjet  engined  configuration,  rated  at 
24,000  lb  sea  level  static  thrust  for  each  engine.  Basic  operating  weight  and  maximum  takeoff  weight  arc. 
respectively  40,000  and  63,575  lb.  Maximum  level  speed  at  height  is  Mach  3.5.  Additional  liquid  hydrogen 
for  first  climbing  and  cruising  to  the  combat  area  is  contained  in  tanks  mounted  or.  the  wing.  The  baseline 


mission,  figure  35,  comprises:  take  off  and  climb  to  best  cruise  altitude;  cruise  out  at  subsonic  speed  to 
the  forward  edge  of  the  battle  area;  penetration  at  sea  level  altitude  and  transonic  speed;  "pop-up"  in 
target  area,  followed  by  interception  engagement;  climn  and  acceleration  to  supersonic  speed  and  return 
dash;  lapse  to  subsonic  cruise,  followed  by  loiter  and  landing. 

The  engine  inlet  is  a rectangular,  two-dimensional  design  three  external  compression  surfaces. 


The  arrow-wing  supersonic  transport  aircraft  of  figure  34  is  a twin-axisymmotrical  inlet  configuration  with 
four  turbo-ramjet  engines,  for  a maximum  speed  at  height  of  Mach  4.5.  The  design  departs  from  previously 
shown  configurations  by  electing  all-fuselage  storage  of  the  liquid  hydrogen.  The  double-deck  arrangement 
shown  in  the  figure  was  adopted  for  the  passenger  cabin,  in  conjunction  with  full  cross-section  cryogenic 
fuel  tanks  fore  and  aft,  in  order  to  provide:  fuel  tanks  with  high  structural  and  volumetric  efficiency; 
minimum  c.g.  travel  as  fuel  is  consumed;  and  maximum  separation  of  passengers  from  fuel.  Gross  takeoff 
weight,  total  fuel  weight,  and  payload  weight  are  respectively  432,390  lb,  194,577and  54,050  lb.  The 
baseline  mission,  figure  36,  comprises:  takeoff  and  subsonic  climb;  transonic  acceleration;  supersonic 
climb;  supersonic  cruise;  deceleration  to  descent  speed;  transonic  deceleration;  initial  and  final  descent; 
ground  approach  and  landing. 

Thrust  per  engine  is  73,230  lb. 

Multimission  combat  aitcraft  - The  schematic  outline  of  the  turbo-ramjet  chosen  for  the  present  computa- 
tion is  shown  in  ligure  37.  The  air  intake  is  designed  to  decelerate  the  air  flow  approaching  at  the 
flight  Mach  number,  with  the  lowest  possible  loss,  to  the  subsonic  velocity  which  is  determined  by  the 
requirements  of  the  subsequent  component:  turbojet  compressor,  ramjet  combustion  chamber  or  both.  The 
necessary  performance  is  well  provided  by  external  and  internal  compression,  designed  in  order  to  avoid 
the  unstart  problem  characterizing  a mixed-compression  inlet.  (With  internal  compression,  the  normal 
shock  is  located  inside  the  inlet  and  is  stable  if  located  downstream  of  the  throat,  where  the  walls  di- 
verge. However,  the  highest  total  pressure  recovery  occurs  when  the  shock  is  at  the  throat.  If  the  shock 
is  moved  ahead  of  the  throat,  perhaps  by  some  disturbance,  it  becomes  unstable  and  pops  out  ahead  of  the 
cowl  lip,  i.e.  unstart  condition  as  in  figure  38.  When  unstart  happens,  the  pressure  recovery  drops  and 
flow  is  spilled  over  the  cowl,  producing  high  drag  and  aircraft  control  problems,  expecially  with  high  in 
temal  compression). 

The  diverse  capabilities  of  the  multi-mission  military  fighter  require  a wide  range  of  propulsion  system 
thrust  levels  to  provide  excess  energy  needed  for  combat  maneuvers,  in  addition  to  low  fuel  consumption 
at  reduced  thrust  levels  for  cruise  operation.  As  a consequence  of  the  broad  flight  scenario,  including 
loiter,  transonic  combat  and  supersonic  intercept,  the  design  of  the  propulsion  system  has  to  be  highly 
integrated  into  the  total  system.  Operational  requirements  define  several  thrust  sizing  points  in  addi- 
tion to  more  mission  profiles,  determining  the  basic  engine  characteristics. 

Now,  a multi-cycle  engine  like  the  turbo-ramjet  may  have  the  combined  requirement  of  high  performance  and 
mission  flexibility.  At  high  Mach  number,  the  turbo-ramjet  may  deliver  about  three  times  the  internal  (fi£ 
ure  37)  afterburning  turbojet.  Ramjet  combustion  chamber  is  generally  less  sensitive  to  flow  distortion. 

At  take-off,  an  engine  like  the  one  in  figure  2 is  operated  as  a turbofan,  with  possible  reheat  on  both 
flows.  At  supersonic  or  subsonic  Mach  number,  depending  on  the  altitude,  the  engine  may  go  in  the  mixed 
flow  mode,  by  that  gaining  in  thrust.  When  approaching  the  Mach  limit,  the  progressively  closing  of  the 
external  flow  determines  the  r.p.m.  slowing  down  to  idle,  starting  the  pure  ramjet  operation. 

Of  course,  trade-off  studies  have  been  performed  on  an  overall  propulsion  system  basis  with  proper  consider 
ation  of  inlet/engine  airflow  matching,  afterbody/exhaust  nozzle  interactions,  environmental  conditions, 
bleed  and  power  extraction,  and  design  parameters  (such  as  bypass  ratio,  turbine  temperature  and  pressure 
ratio)  effecting  the  overall  performance. 

Since  inlet  capture  area  was  sized  at  the  maximum  turbojet  flight  speed  (M  = 2.5),  the  inlet  flow  is  in 
excess  of  engine  requirements  for  all  lower  speeds  and  low  altitudes.  Combining  engine  and  inlet  charac- 
teristics for  maximum  installed  thrust  results  in  significant  losses  on  net  thrust  and  specific  fuel  con- 
sumption. The  thrust-to-weight  ratio  is  approaching  1.0.  Subsonic  cruise  occurs  at  low  levels  of  drag, 
due  to  improved  aerodynamic  efficiency  L/D.  These  two  characteristics  require  the  engines  to  operate  at 
low  thrust  settings  and  low  airflows,  resulting  in  high  spillage  drag  due  to  the  mismatch  of  engine/inlet 
flow. 

In  this  combining  the  thrust  sizing  and  range  requirement,  for  the  purpose  of  high  levels  of  performance, 
the  aircraft  has  engines  oversized  for  optimum  range. 

The  tactical  mission  defined  in  figure  39,  showing  the  flight  Mach  number  as  function  of  the  altitude  ac- 
cording the  baseline  scenario  in  figure  35,  was  chosen  as  basic  for  computation  of  the  engine/aircraft 
performances  sunmarized  on  figure  40. 

In  figure  39,  the  descent  with  transonic  acceleration  occurs  between  the  subsonic  cruise  (out)  and  the  low 
supersonic  dash,  not  regarding  to  limitations  imposed  by  sonic  boom  overpressures  reaching  the  ground. 
Another  descent  with  transonic  deceleration  occurs  between  the  dash  (return)  and  the  cruise  (return) 
phases,  before  loiter. 

Specific  fuel  consumption  q and  tjhrust  F values  along  such  typical  flight  profile  were  established  through 
appropriate  flight  efficiencies  — L/D,  aircraft  drag  and  thrust  coefficients  Cp,  C.-,  figure  41,  altitude, 
amount  of  reheat,  and  previous  considerations. 

Considering  the  aerodynamic  drag  expressed  as 


D - p V2  • S • CD 

where  S is  the  wing  plan  form  ar'a,  the  aircraft  maximum  level  speeds  (at  sea  level  and  at  height)  andceU 
ing  are  obtained  when  specific  excess  power  (S.E.F.) 


S.E.P.  ’ (F  - D)  — 
w 


(1) 


is  equal  zero  (V  and  W corresponding,  respectively,  to  flight  speed  and  weight). 

This  means  that,  imposing  F “ D,  for  instance  to  the  fighter  Dassault  Mirage  III-S,  we  have  for  the  max- 
imum level  speed  at  S/L  (Mach  1.14) 


F = 13,670  lb  - D « -7-  (1266.4)2  • 375  C 

o 2 32.2  D 


CD  « 0.02 


and,  for  the  maximum  level  speed  M - 2.0  at  39,375  ft,  where  = 0.015 


D » ~ (2,130)2  • 375  • 0.015  = F = 7,529  lb 


S.E.P.  is  therefore  regarded  as  one  misure  of  combat  capability,  i.e.  an  excess  of  thrust  for  maneuvering 
One  value  of  it  is  also  specified  for  steady  rate  of  climb.  In  both  cases,  the  aircraft  i>  accelerating, 
as  in  general  in  figure  25.  In  other  equilibrium  (F  = D)  flight  conditions,  as  at  cruising  speed,  thrust 
is  reduced  through  variable  geometry  of  inlet,  nozzle  or  compressor  vanes.  Thrust  may  be  then  expressed 
as 


F 


V2  * A 


C 

F 


(21 


being  and  (figures  25  and  41)  the  engine  exhaust  cross  sectional  area  and  thrust  coefficient. 

From  the  values  of  the  maximum  level  speeds  at  S/L,  we  carry  out,  respectively  for  the  fighters  F-111A, 
F-14A,  Mig  21,  Mig  23,  aicraft  drag  coefficients  0.035,  0.03,  0.035,  0.02. 

In  our  case,  with  a wing  gross  area  of  576  ft2  and  a drag  coefficient  0^  = 0.025,  we  have  a maximum  level 
speed  at  S/L  dash  of  1,675  ft/sec  (M  = 1.5),  a maximum  level  speed  at  65,000  ft  dash  of  3,388  ft/sec 
(M  = 3.5),  respectively  ramjet,  and  the  other  cruise  level  speeds  considered  in  the  mission  of  figure  35, 
as  shown  in  Table  2.  The  values  of  C are  connected  to  the  drag  polars  (C^,  C ) and  the  aerodynamic  effi- 
ciencies for  operation  at  subsonic  and  supersonic  speeds,  figures  42  and  43. 


Table  2 


Altitude,  ft 

S/L 

65,000 

36,000 

12,000 

Maximum  level  speed,  ft/sec 

1,675 

3,388 

... 

— 

Level  speed,  ft/sec 

— 

871 

906 

Mach  number  (maximum) 

1.5 

3.5 

— 

— 

Mach  number 

— 

— 

0.9 

0.85 

CD 

0.025 

0.02 

0.03 

0.028 

Max.  Thrust  (2  engines),  lb 

48,000 

11,648 

— 

— 

Reduced  Thrust  (2  eng.),  lb 

— 

— 

4,610 

10,900 

These  cruise  and  dash  phases  are  governed  by  the  Breguet  range  equation,  approximated  in  the  form 


R 


(3) 


expressing  range  R as  function  of  weight  W. 

Climb  acceleration,  dive  transonic  acceleration  and  deceleration,  and  combat  sorties  are  made  up  from  indi- 
vidual elements  of  specific  excess  power  (1)  and  corresponding  range,  according  to 


dW 

W 


dh 


± — dV)  q 
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(4) 
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1 - S*C  /A  C 
D e F 


— ) 


(3) 


Equation  (4)  gives  the  fraction  of  weight  decreasing  due  to  fuel  consumption  for  uniform  climbing,  in  the 
hypothesis  of  F/W  =>  1,  and  for  acceleration  on  the  same  trajectory;  climb  should  preferably  ake  place  at 
the  highest  velocity  at  a given  altitude.  Specific  fuel  consumption  q'  in  eq.  6 refers  to  the  excess 
thrust,  compared  to  c,  as  carried  out  from  local  engine  operation,  aerodynamic  efficiency,  figure  42,  and 
flight  efficiency,  figure  1. 


Ramjet  - The  capture  area  is  sized  for  a flight  Mach  number  of  2.5,  at  which  the  inlet  is  yet  correctly 
operating.  To  provide  an  uniform  intake  flow  field  at  high  angles  of  attack  and  supersonic  speed,  the  in- 
let was  selected  with  horizontal  ramps  (three  compression  ramps  and  a diffuser  ramp,  with  the  first  ramp 
rotating),  to  have  three  oblique  and  one  normal  shocks  ahead  of  the  cowl.  (Mixed-compression  is  occurring, 
through  variable  geometry,  at  higher  Mach  numbers). 

In  two-dimensional  oblique  and  normal  shock  approximation  for  perfect  gas,  starting  from  ambient  condi- 
tions M = 2.5,  h = 45,000  ft,  p = 2.141  psia,  T = 392. ?°R,  V = 2,420  ft/sec,  p = 0.01474  lb/ft3,  we 
obtain, °after  shock  and  dynamic  compression,  respectively,  Mj  ° °0.963,  pj/p  - 5.8§.  pj/p  = 3.04,  Tj/T  = 

“ 1.916,  Vj  = 1,297  ft/sec,  and  p2  = 15.35  psia,  V2  = 328  ft/sec,  T2  « 797. §°R,  p2  = 0.05?  lb/ft3.  Now,° 

free  turbulent  mixing  (between  hydrogen  jets  and  air  stream)  and  combustion  occur  in  the  chamber,  insofar 
that  a prefixed  maximum  temperature  of  4,500<>R  is  reached.  The  stoichiometric  reaction  for  combustion  of 
air  with  hydrogen  fuel  is 

1/2  02  + H2  H2  0 

This  gives  a stoichiometric  fuel/air  ratio  by  weight  of  fst  = 0.029156. 

Using  an  equivalent  ratio  1.0,  such  that  f « fgt,  we  have  as  consequence  of  combustion,  a temperature  rise 

AT  = f/(f  + 1)  • eQ/C  = 3,705.5  (6) 

P 

where  Q = 51,590  BTU/lb,  e *>  0.96  and  Cp  = 0.378  BTU/lb°R  are  hydrogen  heat  of  combustion,  combustion  effi 
ciency  and  specific  heat  at  constant  pressure.  The  Cp  value  is  carried  out  by  interpolation  from  the  ta- 
bles of  Ref.  8,  assuming  that  gas  composition  remains  constant  within  the  combustion  chamber  (frozen  flow); 
where  density  and  temperature  result  p5t  = 0.00727  lb/ft3  and  T5i  = T2  + AT  « 4,500°R.  Assuming  chemical 
equilibrium  at  very  point  of  the  expansion,  as  an  upper  limit  to  the  obtainable  performance,  and  with  K • 

= 1.269,  the  theoretical  nozzle  exhaust  velocity  and  density  become,  figure  44, 

v7,  = /l%  H5i  (1  - (p0/p2)^K  1^K)  = 6,157  ft/sec  (7) 

and  p7t  = 0.00154  lb/ft3,  (H  « entalpy). 

A thrust  F = D = 1/2  • p V2  S C = 21,618  lb  is  necessary  to  obtain  a maximum  level  flight  VQ  = 2,420  ft/sec 
at  h = 45,000  ft.  D 

The  corresponding  gas  and  air  mass  flows  (with  a correction  factor  0.9),  exhaust  and  capture  cross  section- 
al areas,  specific  fuel  consumption,  and  overall  propulsion  efficiency  (propulsive  and  thermal)  are: 


ma  = F/|(l  + f)  V7i  - V0|0.9  = 6,133  lb  sec/ft  (8) 

m = m (1  + f)  = 6.312  lb  sec/ft  (9) 

g a 

A^  = m^  g/p7t  V7i  = 21.43  ft2  (10) 

Aa  = “a  8^P°  V°  = 5’’>3  ftZ  v11) 

q = (m  - m ) g 3600/F  = 0.959  lb/lb/hr  (12) 

g a 

|V7,(1  + f)/f  - Vq / f | V0/g 

n = «0.251  (13) 

778  Q + Vg/2g 


For  a flight  Mach  number  of  3.5  (maximum)  at  h = 65,000  ft,  we  get  a thrust  F = 11,648  lb,  through  small 
area  changes.  Specific  fuel  consumption  results  still  too  high;  even  though  a compression  ratio  p j / p0  » 

= 11.573  is  obtained  behind  inclined  mixed  shock  waves,  and  a further  dynamic  compression  happens  in  a di£ 
fuser  behind  throat  area.  A comparison  with  performances  obtainable  using  JP  fuel  is  shown  in  Table  3. 

JP  fuel  becomes  probably  unpracticable  from  the  point  of  view  of  weight  increase  in  a ramjet  engine  for  a 
fighter  aircraft,  and  hydrogen  probably  requires  too  much  volume  in  the  aircraft. 

Gross  thrust  F,  specific  fuel  consumption  q and  fuel-air  ratio  f,  are  largely  changing  with  flight  Mach  mum 
ber  and  altitude,  in  a ramjet  engine  designed  for  h = 45,000  ft,  Mq  ■=  2.5,  and  T5i  = 4,500°R.  So,  in  our 
study,  where  gas  mixtures  in  chemical  equilibrium  and  unvariable  temperature  T5 i are  considered,  gross 
thrust  at  h » 45,000  ft  is  reduced  about  50£  at  h = 65,000  ft  and  M = 3.5.  while  specific  fuel  consumption 
is  practically  unchanged.  A proficuous  extention  of  flight  speed  field  is  made  possible  by  the  variable 
geometry  inlet  and  exhaust  nozzle,  imposed  by  a fixed  capture  area.  At  given  altitude  and  Mach  number,  a 


Tobla  3 


W.t! 


RAMJET 

h2 

JP  fuel 

h2 

JP  fuel 

M0 

2.5 

2.5 

3.5 

3.5 

F (lb) 

21,618 

21,618 

11,648 

11,648 

h (ft) 

45,000 

45,000 

65 ,000 

65,000 

p2  (psia) 

15.35 

15.35 

12.756 

12.756 

t2  (°R) 

797.5 

797.5 

935 

935 

Equiv.  ratio 

1.0 

1.1 

1.0 

1.08 

f 

0.02916 

0.07439 

0.02916 

0.073 

T5i  (°R)  max 

4,500 

4,500 

4,500 

4,500 

V7i  (ft/sec) 

6,157 

5,760 

7,023 

5,998 

m (lb  sec/ft) 
a 

6.133 

6.373 

3.370 

4.246 

m (lb  sec/ft) 
g 

6.312 

6.847 

3.469 

4.556 

A (ft2) 
8 

21.43 

21.56 

23.68 

36.04 

A (ft2) 
a 

5.53 

5.73 

5.65 

7.12 

q (lb/lb/hr) 

0.959 

2.54 

0.978 

3.08 

n 

0.251 

0.261 

0.344 

0.303 

desired  thrust  value  would  require  an  optimum  temperature  T5t  without  geometry  changing.  Hydrogen/air  mix 
tures  give  about  20%  less  thrust  than  JP  fuel/air,  using  tha  same  engine  size  and  combustion  temperature. 
However,  it  is  possible  to  think  about  a future  employment  of  hydrogen  in  ramjet  powered  fighters  as  a re- 
sult of  a still  acceptable  specific  fuel  consumption,  whereas  JP  fuel  may  be  prohibitive  because  of  high 
initial  fuel  weight. 

Turbojet  - Approaching  the  mach  limit  2.5,  the  turbojet  r.p.m.  is  slowing  down  to  start  the  pure  ramjet 
operation.  In  such  matching  condition,  it  is  necessary  to  increase,  by  afterburning,  the  dry  turbojet 
thrust.  Thus,  performance  characteristics  at  Mq  = 2.5  are  carried  out,  as  maximum  level  speed  limit  at 
h = 45,000  ft  made  possible  by  turbojet  with  afterburning,  figure  45. 

Airflow  is  entering  an  axial  compressor  after  inlet  shock  and  dynamic  compression,  through  which : p2  *■  15.35 
psia,  p2  = 0.057  lb/ft3,  T2  = 797. 5°R  and  V2  = 328  ft/sec.  It  is  necessary  a compression  ratio  p3/p2  * 7 
to  obtain,  with  an  hydrogen  equivalence  ratio  0.2  (i.e.  leanest  fuel/air  mixture  f’  » 0.005832),  a maximum 
temperature  T4=2,500°R  in  combustion  chamber.  In  fact,  (with  T,,  * T2  (7)K“1/K  = l,390°R,  p3  ■ 7 p2» 107.45 
psia,  T3  - (T3,  - T,)/nc  + T2=697  + T2  = 1,495°R,  P3  - p2  (7)1/K  = 0.229  lb/ft3,  p4  - 0.95  Pj  = 102.08  psia), 
Eq.  (6)  gives,  with  C » 0.285 


AT  = 1,005 

Moreover,  from  the  work  balance 


T4  - T2  + AT  » 2,500“R 


c (T,»  - T2)/n  - c • n (1  + f')  AT' 
pa  J c pg  g 


(14) 


(C  = 0.24,  C 
pa  P8 


0.30,  n = 0.85,  n 
c g 


0.9) 


,K-1/K 


we  obtain 

AT'  « 342,  T5  = T„  - AT'  - 1,881°R,  p5  - p4/(T4/T5)"  . 31.15  psia 

Through  afterburning,  we  get  the  maximum  temperature  T6  » 4,500°R.  In  fact,  with  f"  » f • 0.45 » 0.013122 , 


Eq.  (6)  gives  (Cp  ° 0.318) 


AT"  - 2,000 


T6  - T4  + AT"  - 4,500°R 


Eq.  (7)  gives  the  exhaust  velocity  V7-  6,330  ft/sec,  and  Eqs.  (8)  to  (13)  provide,  with  f ■ f'  + f",  m « 

= 5.981  lb  sec/ft,  m « 6.097  lb  sec/ft,  A - 16.58  ft2,  A • 5.4  ft2,  q - 0.626  lb/lb/hr,  n - 0.412.  4 
Without  afterburning?  figure  46,  the  expanlion  in  the  exhaust  nozzle  should  start  from  the  condition  p5  ■ 

» 31.15  psia,  T5  ■ 1,881°R,  p5  » 0.0385  lb/ft3,  to  reach  an  exhaust  velocity  V7  * 4,206  ft/sec,  from  which 
specific  fuel  consumption  and  total  propulsion  efficiency  become  q ■ 0.415  lb/lb/hr  and  n » 0.58.  Engine 
airflow  and  inlet  cross-sectiona.'  area  require  to  be,  however,  tw  - times  more  than  the  one  with  afterburn- 
ing. In  Table  4,  performances  of  dry  turbojet  and  turbojet  with  afterburning  are  compared,  taking  into 
account  hydrogen  and  JP-fuel. 

Dry  turbojet  operation  during  subsonic  cruise  speed  (M  » 0.85)  at  h • 36,000  ft  altitude  is  shown  in  Table 


L* 


4,  both  for  hydrogen  and  JP-fuel.  A compression  ratio  of  20  : 1 is  made  possible  by  an  eight  stage  axial 
compressor  (stage  pressure  ratio  from  1.82  to  1.24,  and  blade  tip  Velocity  of  1,500  ft/sec);  temperature 
in  the  combustion  chamber  is  considered  to  be  1,935'K.  High  compression  ratio  and  temperature  allow  quite 
low  specific  fuel  consumption,  0.345  lb/lb/hr  with  hydrogen  and  1.192  lb/lb/hr  with  JP-fuel. 

It  is  however  possible  to  obtain  a better  specific  fuel  consumption.  For  instance:  the  Rolls-Royce  RB.211 
turbofan,  3-shaft,  by-pass  ratio  5.04  : 1,  has  an  overall  pr"sure  ratio  of  26  : 1,  a turbine  inlet  tempe_r 
ature  of  1,535*K  and  a specific  fuel  consumption  of  0.6*  ' hr;  the  General  Electric  CF.6  turbofan,  two- 


Table  4 


TURBOJET 

AFTERBURNING 

DRY 

TURBOJET 

DRY 

TURBOJET 

h2 

JP  fuel 

h2 

JP  fuel 

H2 

JP  fuel 

Mo 

2.5 

2.5 

2.5 

2.5 

0.85 

0.85 

F (lb) 

21,618 

21,618 

21,618 

21,618 

3,842 

3,842 

h (ft) 

45,000 

45 ,000 

45,000 

45,000 

36,000 

36,000 

p2  (psia) 

15.35 

15.35 

15.35 

15.35 

5.105 

5.105 

T2  (°R) 

797.5 

797.5 

797.5 

797.5 

445 

445 

Pj  (psia) 

107.45 

107.45 

107.45 

107.45 

102.1 

102.1 

T3  CR) 

1,495 

1,495 

1,495 

1,495 

1,153 

1,153 

Equiv.  ratio 

0.2 

0.25 

0.2 

0.25 

0.4 

0.6 

f» 

0.00583 

0.0169 

0.00583 

0.0169 

0.0117 

0.0406 

T4  (°R)  max 

2,500 

2,500 

2,500 

2,500 

3,485 

3,411 

p4  (psia) 

102.08 

102.08 

102.08 

102.08 

97.00 

97.00 

Ts  (*R) 

1,881 

1,881 

1,881 

1,881 

2,863 

2,717 

pb  (psia) 

31.15 

31,15 

31,15 

31,15 

41.27 

34.74 

Equiv.  ratio 

0.45 

0.53 

f" 

0.01312 

0.0358 

T6  (°R)  max 

4,500 

4,500 

p6  (psia) 

31.15 

31,15 

V7  (ft/sec) 

6,330 

5,276 

4,206 

4,055 

4,912 

4,811 

f 

0.01895 

0.0527 

0.00583 

0.0169 

0.0117 

0.0406 

m (lb  sec/ft) 
a 

5.981 

7.666 

13.271 

14.102 

0*982 

0.974 

m (lb  sec/ft) 

8 

6.097 

8.070 

13.348 

14.340 

0.994 

1.013 

A (ft2) 
. 8 

16.58 

26.33 

20.07 

20.87 

1.39 

1.13 

A (ft2) 
a 

5.40 

6.92 

11.91 

12.71 

2.24 

2.22 

q (lb/lb/hr) 

0.626 

2.147 

0.415 

1.278 

0.345 

>.192 

n 

0.412 

0.31 

0.580 

0.526 

0.18 

0.146 

shaft,  has  an  overall  pressure  ratio  of  30  : 1,  and  an  estimated  specific  fuel  consumption  of  0.6  lb/lb/hr. 

Turbojet  - ramjet  matching  - The  take-off  program  of  the  aircraft  corresponding  to  the  mission  scenario  in 
figure  35  requires  uniform  acceleration  to  M0  » 0.85  during  climb  from  sea  level  to  16,000  ft,  followed  by 
a constant  M climb  to  36,000  ft,  where  a subsonic  cruising  capability  is  prescribed.  After  a dive  transo- 
nic acceleration  to  low  altitude,  followed  by  low  supersonic  flight  and  maneuvers,  it  is  prevised  a fast 
acceleration,  by  turbojets  with  afterburning,  to  an  high  supersonic  dash  at  M = 3.5  by  ramjets. 

Now,  from  the  compressor  performance  map  of  a typical  turbojet  engine,  figure  47,  it  is  possible  to  under- 
stand the  main  reason  for  chosing  a turbo-ramjet  combination  also  for  the  present  application.  The  map 
shows  the  dependence  of  compressor  total  pressure  ratio  Pj[/pjt  on  t^le  referred  air  mass  flow  m 'T2t/p?t 
for  constant  values  of  the  referred  rotational  speed  N//Tjj.  At  subsonic  cruise  conditions  (M  - 0.85, 
h » 36,000  ft)  the  compressor  operates  near  peak  pressure  ratio  and  maximum  rotational  speed  N.  In  the 
figure,  this  operating  point  is  indicated  by  A.  As  the  ram  effect  at  the  air  intake  increases  in  magnitude 
with  increasing  flight  speeds,  the  referred  rotational  speed  diminishes,  reducing  thereby  the  compressor 
pressure  ratio  as  illustrated  by  point  B which  represents  supersonic  dash  (H  » 3.5,  h » 65,000  ft).  From 
the  point  of  view  of  the  maximum  cycle  temperature,  the  decrease  in  compressor  pressure  ratio  is  desider- 
able  because  of  the  large  temperature  increase  occurring  in  the  inlet  diffuser.  But,  due  to  the  decrease 
of  the  referred  speed,  there  is  a simultaneous  reduction  in  the  rate  air  flow  that  the  compressor  can 
swallow  compared  to  supersonic  conditions.  On  the  other  hand,  the  inlet  is  capable  of  handling  at  B an 


air  flow  which  exceeds  the  mass  flow  at  A,  This  higher  rate  of  flow  is  desiderable  for  high  thrust.  It 
can  be  realized  with  the  engine  operating  in  the  ramjet  mode  with  the  f low-by-paosing  the  turbojet  section 
of  the  engine. 

A matching  device  between  the  free  stream  upstream  of  the  engine  and  the  flow  entering  the  engine  is  the 
inlet  tube,  in  as  much  as  it  channels  the  proper  amount  of  air  to  the  entrance  of  the  engine  entrance  sec- 
tion. The  quality  of  an  inlet  is  measured  at  a given  rate  of  flow  and  free  stream  Mach  number  by  the  in- 
ternal energy  losses  encountered  by  the  flow  passing  through  it  and  by  the  external  drag  force  due  to  the 
intake..  Expecially  at  high  supersonic  flight  speeds,  inlets  of  variable  geometry  are  required  to  handle 
the  air  needed  by  the  engine  with  acceptable  efficiency. 

The  design  of  the  inlet  to  the  airframe-engine  combination  consists  of  selecting  the  inlet  configuration 
required  by  the  mission  profile,  figure  35,  and  of  equipping  it  with  variable  geometry  and  other  features 
that  are  required  to  make  it  operate  with  acceptable  efficiencies  over  the  entire  range  of  flight  condi- 
tions. Slight  deviations  from  the  optimum  shock  configuration  can  result  in  a significant  increase  in  in 
temal  pressure  losses  due  to  shock-boundary  layer  interactions  and  separations  and  in  an  appreciable  in- 
crease in  inlet  pre-entry  drag  due  to  spillage.  At  MQ  • 3.5,  even  the  optimum  shock  configuration  produces 
usually  a total  pressure  ratio  of  less  than  0.80.  Modification  and  separation  of  the  shock  pattern  can  be 
minimized  with  the  aid  of  boundary  layer  bleed-off  through  flush  scoops,  figures  15  and  16,  preventing  the 
low  energy  boundary  layer  air  from  entering  the  inlet.  With  the  aid  of  a scries  of  vortex  generators,  it 
may  be  alleviated  separation  of  the  flow  in  the  subsonic  diffuser  (with  geometry  limited  by  weight  and 
length  considerations)  downstream  of  the  inlet  passage  throat.  By-pass  doors  prevents  the  inlet  shock  sys 
tem  from  being  expelled  when  the  inlet  idles. 

Along  the  operating  line  of  the  compressor,  largely  effected  by  the  inlet  characteristics,  matched  condi- 
tions exits  at  the  interfaces  of  all  engine  components.  An  operating  line  may  be  dangerously  close  to 
stall  during  transonic  flight  speeds.  This  would  require  an  appropriate  modification  of  the  inlet  throat 
area.  For  multiple  engine  installations,  the  articulated,  two-dimensional  inlet  geometry,  figure  15,  us- 
ing a movable  ramp  to  vary  the  throat  area,  may  be  more  suitable  than  axisymmetric  inlet,  aside  from  higher 
aerodynamic  losses.  Ref.  (9). 

The  inlet  of  a turbo-ramjet  must  satisfy  a great  variety  of  requirements,  through  a sophisticated  variable 
geometry  involving  complicated  assemblies  of  winged  ramps,  bleed  slots,  dump  doors,  actuators,  etc..  The 
increasing  to  M * 2.5  for  the  Mach  number  limit  at  the  compressor  face  represents  the  way  of  easing  the 
inlet  problems  of  the  turbo  ramjet,  in  as  much  as,  at  higher  Mach  number,  the  amount  of  deceleration  in 
the  diffuser  would  be  reduced,  limiting  the  rise  in  static  pressure,  temperature  and  losses. 

As  flight  conditions  change  from  sea  level  static  to  M0  ■ 3.5  in  the  stratosphere,  the  referred  r.p.m. 

N/T2t  is  quite  decreased,  point  B in  figure  47.  This  change  in  operating  conditions  presents  difficulties 
in  matching  of  the  stages  of  the  compressor  tending  to  force  the  low  pressure  stages  toward  stall  and  the 
high  pressure  stages  toward  choking.  Thus,  the  equilibrium  operating  line  should  be  located  in  the  region 
of  highest  compressor  efficiency,  as  possible  near  the  surge  line  with  a minimum  stall  margin. 

Variable  stator  vanes  in  the  front  and  rear  of  the  compressor  are  effective  measures  to  meet  the  extreme 
demands  of  low  and  high  Mach  number  flights,  particularly  to  tune  the  compressor  to  the  inlet  conditions, 
and  to  move  the  operating  points  of  individual  compressor  stages  away  from  the  surge  line.  The  problem  is 
much  less  complicated  by  the  use  of  a compressor  having  two  or  three  mechanically  independent  rotors. 
Matching  of  the  combustion  system  with  the  rest  of  the  engine  is  very  complicated  in  the  case  of  an  engine 
designed  for  high  speed  flight  with  its  variable  geometry  and  wide  range  of  operating  conditions,  involv- 
ing a wide  field  of  temperature.  Severe  spatial  limitations  are  particularly  imposed  when  hydrogen  is 
used  instead  of  JP-fuel. 

The  matching  of  the  turbine  to  the  combustion  chamber  is  required  to  maintain  an  optimum  radial  tenq>erature 
distribution  of  the  gas,  over  the  broad  entire  operating  range  of  this  Kind  of  engine. 

The  largest  effect  on  turbo-ramjet  performance  is  due  to  the  jet  nozzle.  In  fact,  at  subsonic  flight  speed, 
the  nozzle  exhaust  pressure  ratio  lies  in  the  range  of  7 : 1,  increasing  4 t 5 times  with  flight  Mach  num- 
ber when  the  engine  operates  in  the  ramjet  mode,  and  the  discharge  to  throat  area  ratios  vary  many  times. 

Preliminary  design  data  - According  to  the  turbo-ramjet  engine  design  data  contained  in  the  Tables  3 and 
4 and  the  mission  scenario  of  figure  35,  we  carry  out  the  total  fuel  weight  needed  for  the  entire  mission 
of  the  twin-engined  long  range  attack  fighter. 

As  a maximum  thrust  at  disposal  for  S/L  emergency  and  low  altitude  combat  maneuvers,  it  is  considered  that 

one  equivalent  to  the  aircraft  sea  level  drag  for  an  uniform  flight  speed  corresponding  to  MQ  » 1.5,  well 

over  the  need  for  climb  and  transonic  acceleration  (Eq.  4),  i.e.  F • D • 0.07651  ( 1 ,673)2«576*0. 025/ 2*32. 2« 
• 48,000  lb.  However,  the  dash  phase  at  MQ  » 1.5  during  the  mission  occurs  at  higher  altitude  with  a 
thrust  F * 26,000  lb  (corresponding  to  MQ  • 1.5  at  h • 36,000  It). 

Uith  a maximum  thrust  (at  disposal) /maximum  take-off  weight  ratio  equal  to  0.755,  as  the  Mikoyan  MiG  25 
fighter  (0.52  the  Dassault  Mirage  III,  0.5  the  F-14  A,  0.58  the  F-40,  0.4  the  F-5A,  0.62  the  MiC  23),  the 

maximum  take-off  weight  results  63,575  lb  (maximum  operating  take-off  weight  40,000  lb). 

Take-off,  with  an  average  acceleration  to  h » 16,000  ft,  and  climb,  without  acceleration  to  h » 36,000  ft, 
require  802  sec  (65  nm)  with  an  average  thrust  of  18,093  lb.  Considering  average  thrust  and  specific  fuel 

consumptions  during  all  the  mission  phases  (climb  65  nm,  802  sec;  cruise  (out)  300  nm,  2222  sec;  dash  at 

low  altitude  135  nm,  490  sec;  climb  50  nm,  132  sec;  dash  (return)  200  no,  359  sec;  cruise  (return)  150  nm, 

1048  tec;  loiter  110  nm,  1200  sec),  the  total  fuel  weight  at  take-eff  should  result  5,440  lb  * .',227  ft*, 

using  hydrogen,  and  19,120  lb  ■ 405  ft*  with  JP-fuel,  obtained  by  adding  together  the  phase  fuel  weights 
q*F*sec/3600. 

The  fuel  weight  for  such  long  range  fighter  should  be  prohibitive  for  both  hydrogen  and  JP-fuel.  Taking 


into  account  the  fact  that  specific  fuel  consumptions  as  previously  computed.  Table  3 and  4,  are  largely 
in  excess  to  the  ones  corresponding  to  engines  with  higher  compression  ratio,  it  should  be  possible  to  car 
ry  the  fuel  weights  and  volumes. 

As  comparison  term  we  take  Phantom  11-4  N twin-engined  long  range  attack  fighter,  quoted  for  the  following 
characteristics:  power  plant  34,000  lb  (two  turbojets  with  afterburning),  maximum  take-off  weight  54,600 
lb,  maximum  take-off  weight  (clean)  46,000  lb,  maximum  level  speed  with  external  stores  MQ  - 2.0,  combat 
radius  781  nm  (interceptor)  and  868  nm  (ground  attack),  wing  gross  area  530  ft2,  maximum  wing  loading  103 
lb/ft2  (max  T.O.  weight)  and  87  lb/ft2  (max  T.O.  weight,  clean),  total  fuel  capacity  (tankage  in  wings  and 
fuselage)  267  ft2  plus  eventual  (one  external  tank  under  fuselage  and  two  underwing  tanks)  130  ft2  capaci- 
ty corresponding  to  18,735  lb  (12,600  ♦ 6,135). 

In  our  design,  we  get  a maximum  wing  loading  of  63,575/576  » 110  lb/ft2(normal  for  fighter  aircraft)  and  a 
fuel  weight  (volime)  of  19,120  lb  (405  ft3)  for  JP-fuel  and  of  5,440  lb  (1,227  ft3)  for  hydrogen.  This  is 
acceptable  for  JP-fuel,  in  consideration  of  the  possibility  to  use  engines  with  less  specific  fuel  consumj) 
tion  and  of  the  heavier  and  more  powerful  aircraft.  From  the  other  hand,  the  hydrogen  fueled  aircraft  may 
use  supplementary  external  wing  tanks,  figure  33,  to  take  hydrogen  needed  to  reach  the  combat  area,  corre- 
sponding to  climb  and  cruise  (out),  i.e.  2,292  lb  ■ 517  ft3.  It  is  possible  to  carry  in  normal  tankage 
the  remaining  hydrogen  volume  1,227  - 517  * 710  ft3;  actually  reducible  with  specific  fuel  consumptions 
better  than  those  in  Tables  3 and  4. 

High  supersonic  transport  aircraft  - The  schematic  outline  of  the  turbo-ramjet  chosen  for  the  present  com 
putation  is  shown  schematically  in  figure  48.  The  complex  propulsion  cycle  has  several  more  independent 
variables  than  have  faced  the  control  system  even  before.  The  number  of  variables  which  the  control  sys- 
tem must  coordinate  is  up  to  eleven  for  the  engine  and  another  five  for  the  inlet.  For  maximum  perform- 
ance it  is  imperative  that  all  of  these  variables  be  coordinated  to  maintain  engine  performance  for  steady- 
state  operation,  stable  and  safe  operation  for  transient,  as  well  a-,  to  provide  the  fastest  possible  en- 
gine response  to  power  change  conmands.  The  variables  which  must  be  coordinated  include  fan  geometry,  com 
pressor  geometry,  gas  generator  and  ramjet  fuel  flows,  turbine  geometry,  core-stream  exhaust  nozzle,  and  a 
variable  divergent  nozzle  behind  the  convergent  nozzle.  Going  back  up  front  to  the  inlet,  one  sees  a sys- 
tem of  three  ramps  and  bypassing  door  arrangements. 

As  in  the  previous  computations,  the  total  fuel  weight  needed  for  the  mission  scenario  in  figure  36  is 
carried  out  on  the  basis  of  specific  fuel  consumptions,  average  thrusts  and  flight  times,  relative  to  each 
phase,  taking  into  account  only  hydrogen  as  fuel  of  an  improved  and  uptodate  turbo-ramjet. 

After  take-off,  the  aircraft  accelerates  and  reaches  transonic  and  supersonic  speeds  at  altitudes  higher 
than  those  corresponding  to  minimum  specific  fuel  consumptions.  Climb  and  acceleration  schedule  takes 
into  account  limitations  imposed  from  sonic  boom,  reaching  the  prescribed  distance  of  385  nm  with  20X  and 
42Z  more  fuel  consumption  and  climb  time,  in  respect  to  the  military  aircraft,  in  order  to  reduce  sonic 
boom  ground  overpressure  to  a value  between  1.25  and  1.55  lb/ft2.  Following  a supersonic  climb,  at  the 
end  of  which  operation  is  changing  from  turbojet  to  ramjet  engine,  supersonic  cruise  at  MQ  *>  4.5  and  h * 

• 70,000  ft  covers  the  most  part  of  the  4,200  nm  range,  descent  and  transonic  deceleration,  before  ap- 
proach and  landing,  follow  a schedule  imposed  by  sonic  boom  limitations  and  structural  resistance.  In 
the  mission  profile  of  figure  36,  the  transitory  climb  and  descent  phases  to/from  h = 50,000  ft  (sonic 
boom  altitude)  require,  respectively,  17  and  23  minutes  over  an  horizontal  distance  of  160  and  135  nm. 
Cruising  speed  at  70,000  ft  altitude  is  covering  a range  of  3,700  nm.  Speed  and  time  for  such  cruise 
range  are  V « 4,357  ft/sec  and  t • 22,481,627  ft/4,357  - 5,160  sec. 

To  • supersonic  transport,  in  uniform  flight  at  Mq  » 4.5  and  h » 70,000  ft,  with  a wing  area  S » 7,580  ft2, 
it  corresponds  an  overall  air  drag  D » } p V2 • S • Cp  » 195,285  lb.  This  value  is  also  that  one  of  the  required 
thrust  F.  Therefore,  fuel  consumption  for  the  cruise  range  results  q»D*5, 160/3, 600  • 125,960  lb.  As  spe 
cific  fuel  (hydrogen)  consumption,  it  has  been  carried  out,  following  the  previous  method  of  commuting,  a 
value  q - 0.45  lb/lb/hr. 

Similary,  taking  into  account  all  the  climb,  descent,  acceleration  and  deceleration,  phases  with  their  a£ 
propriate  average  specific  fuel  consumption,  we  need  at  most  another  hydrogen  charge  of  37,117  lb,  to  which 
we  add  a fuel  reserve  of  31,500  lb. 

Total  fuel  weight  and  volume  for  the  entire  mission  should  be  194,577  lb  and  43,903  lb.  The  largest  a- 
mount  of  hydrogen,  64. 8Z  is  utilized  in  the  cruising  phase  of  flight  which  is  conducted  at  a Mach  number 
of  4.5  in  this  case.  Take-off,  climb,  acceleration,  descend  and  land,  account  for  19Z,  and  fuel  reserves 
are  16. 2Z  of  the  total  fuel  load.  The  fuel  required  for  cruise  and  for  take-off,  climb,  and  acceleration, 
is  a function  of  the  flight  efficiency  M/q«I./D  of  the  aircraft.  Also  the  reserve  fuel  is  governed  by  the 
flight  efficiency  and  by  rules  concerning  aircraft  holding  in  bad  weather  and  diversion  to  an  alternate 
airport.  It  it,  however,  still  possible  to  improve  the  flight  efficiency  for  reducing  the  fuel  required. 

Takeoff  gross  weight  and  payload  weight  result  (with  a fuel  percentage  45Z  and  a payload  percentage  12. 5Z) 
432,390  lb  and  54,050  lb  (258  passengers),  respectively.  Aerodynamic  efficiency  and  maximum  wing  loading 
are  L/D  • 8.5  and  432, 390/7, S80  - 57  lb/ft2. 

Engine  thrust,  required  for  an  overall  design  thrust  50Z  wore  than  that  oue  corresponding  to  cruise  speed 
at  h * 70,000  ft,  becomes  1.5*195,285  • 292,928  lb,  i.e  73,230  lb  thrust  per  engine  (SIS),  with  a thrust- 
to-  weight  ratio  equal  to  0.68. 

The  major  problem  to  solve  for  an  actual  design  of  hydrogen  fueled  high  supersonic  aircraft  remains  that 


one  of  the  excessive  fuel  volume,  to  be  reduced  through  improvement  of  specific  fuel  consumption.  A solu- 
tion like  the  one  indicated  in  figure  34  (tankage  in  fuselage)  should  be  possible  reducing  about  2SZ  the 
fuel  weight  needed  for  such  mission  range. 


HYDROGEN  FUELED  TURBO-ROOETS/AIRCRAFT 

The  mission  of  a turbo-rocket,  figure  49,  engined  aircraft,  figure  50,  could  be  the  one  in  which  the  pay- 
load  is  a sounding  rocket,  a ballistic  missile,  or  a satellite  launcher.  Such  composite  launch  system 
makes  possible  satellite  or  rocket  programs  directly  from  normal  airports,  without  necessity  of  complex 
ground  facilities  but  with  choice  of  initial  launch  positions  and  orbit  slopes. 

A satisfactory  launch  speed  could  be  reached  by  a turbo-rocket  propelled  aircraft,  for  instance  at  an  alti 
tude  h • 70,000  ft.  Such  kind  of  engine  is  enough  flexible  to  meet  a large  variety  of  initial  conditions 
with  speed  around  MQ  * 4.5.  Like  turbo-ramjet,  this  multi-cycle  engine  is  arranged  with  a lot  of  inlet 
and  exhaust  variable  geometries,  with  hydrogen-oxygen  rocket  combustion  chamber  both  for  acceleration/de- 
celeration phases  and  cruise,  and  with  hydrogen  afterburning  system  for  thrust  increasing.  Interfaces 
between  various  engine  components  are  combined  in  a specific  turbo-rocket,  introducing  complex  matching 
problems. 

It  is  possible  to  power,  with  an  acceptable  oxygen  and  hydrogen  tankage,  both  for  rocket  and  afterburning 
combustions,  an  aircraft  able  to  follow  a high  altitude  laungh  mission  with  very  high  payload  and  gross 
weight. 

It  has  been  here  chosen,  as  an  example,  a high  speed  transport  plane  with  range  corresponding  to  a flight 
of  20  minute  at  Mg-4.5  and  altitude  h - 70,000  ft.  The  power  plant  is  a combination  of  a fanjet  and  a rocket. 
High  supersonic  flight  speeds  greatly  accentuate  the  structural  and  gas  dynamics  problems  encountered  by 
the  fan  and  its  rocket  propelled  turbine.  Inlet  and  engine  are  assembled  conveniently  in  an  airframe  and 
subjected  to  maneuvers,  thrust  changes,  and  atmospheric  disturbances. 

A thrust  F • 36,500  lb  for  each  turbo-rocket,  figure  49,  has  been  chosen,  largely  depending  on  matching 
of  the  air  intake  performance  to  engine  requirements  and  on  total  pressure  recovery,  bleed  boundary  layer, 
and  cowl  drag  delivered  by  the  air  intake  system. 

The  aerodynamic  thrust  against  the  fan  is  given  by,  figure  51 


p2  A2(l  + KMSj/2)  - |pQ  t Aj  (1  ♦ KM§/2)  ♦ 1/2-K  p0  A1  C | - 1/2*KH£  p0  A2  C (15) 

x y 

where,  the  first  term  represents  the  force  due  to  the  compressed  air  at  the  end  of  the  diffuser  (being 
P ( 1 + KM|/2)  the  stagnation  pressure),  the  second  and  third  terms  the  capture  and  external  drag.  Mass 
flow  and  intemal/externai  capture  coefficients  are  indicated,  respectively,  with  e - A0/Aj , Cx  and  C.y 
Mass  flow  is  equal  to 

m^  • £ p0  V q Aj/g  • e K p0  Aj/a,)  (16) 

with  a0  » /k  g Pfl/pj)  corresponding  to  sound  velocity. 

We  define  an  inlet  efficiency  (as  pressure  recovery  coefficient) 

n0  " P2t/P0t  (l7) 


to  be  intended  as  ratio  between  isoentropic  stagnation  pressures,  corresponding,  Ref.  10,  to  0.20  t 0.25 
for  M0  » 4.5  and  fixed  geometry  cone  wedge  angle  of  25'  t 30°  with  all  external  compression.  Better  pres- 
sure recovery  coefficients  may  be  obtained  with  variable  geometry  inlet  during  flight,  to  change  the  area 
contraction  ratio  with  flight  Mach  number  and  airplane  angle  of  attack.  Inlet  compresses  supersonic  flow 
by  changing  its  direction.  The  centerbody  turns  the  flow  outward,  and  then  the  cowl  catches  it  and  turns 
suddenly  it  back  toward  the  ,-ngine,  generating  a shock  wave.  The  cowl  angle  determines  the  strength  of 
this  shock,  which  affects  the  total  pressure  that  is  recovered  from  the  free  stream. 

Considering  in  our  case  three  oblique  and  one  normal  shock,  with  a small  percentage  of  internal  compres- 
sion, it  is  possible  to  attain  in  practice  for  Mg  » 4.5  an  actual  value  p2t  » 90  pg  a p2  (with  negligible 
air  speed  in  front  of  the  fan).  This  means 

K/fck*  1 

n0  9O/p0t  » 9O/p0( 1 ♦ (K  - 1)  M§/2)  • (K  • 1,4)  • 90/289  » 0.11 


S!  V-  Ambient  conditions  at  an  altitude  h » 70,000  ft  correspond  to  Og  * 0.0041  lb/ft*,  p8  » C.660  psia,  Te  * 

l f * Id.!.?  °R.  Now,  because  pJt  = 90  p0  » n0  p0t  - pgd  ♦ 0.6S0C  - 1)  MJ/2)k7K'*  = p5C  * (n  - l)M§/2)u7u"1“ 

(with  n • 1.56)  a p2 , we  obtain,  as  an  approximation,  for  the  air  conditions  in  front  of  the  fan 


[ *;  Tj  « T2t  • T0U  * 0.65(K  - 1)  M§/2)  • 1443  'R 

ir  V' 


A two-stage  high  pressure  ratio  fan  is  chosen  to  increase  appropriately  (during  acceleration  phases)  air 
pressure  and  temperature  behind  the  diffuser.  A tip  speed  of  1,450  fect/sec  is  selected  for  the  fan  and 
the  overall  pressure  rate  set  at  2.8,  with  individual  stage  pressure  ratios  of  1.74  and  1.61.  Peak  effi- 
ciency at  design  speed  is  85. 52.  High  compression  ratio  and  efficiency  are  obtainable  through  appropriate 
rotor  speed  and  blade  loading,  with  blade  profiles  and  flow  path  geometries  to  minimise  shock  losses  and 
flow  separation  in  mixed  supersonic/subsonic  flow. 

Pressure,  temperature  and  density  behind  the  fan  become 


p3  - 2.8  p2  - 166.32  psia  , Tji  - 1,936.5  *R 

Tj  - 2020  *R  , pj  - 0.152  lb/ft* 


The  powers  needed  from  the  turbine  and  absorbed  from  the  fan  arc  the  same,  according  to  the  following  thei’ 
mal  balance 


C (T,  - T, >/n  » m *C  'AT  • 
pa  3 1 m g pg  g 


(18) 


where  mg,  AT,  Cpg,  ATg,  nt  and  nm,  arc,  respectively:  hydrogen  oxygen  mass  flow,  ideal  temperature  decrease 
average  specific  heat,  of  the  hydrogen/oxygen  gas  mixture  operating  in  the  turbine;  turbine  efficiency,  and 
compressor  mechanical  efficiency. 

The  air  from  the  compressor  has  going  through  on  expansion  in  order  to  mix  conveniently  with  the  gas  flow- 
ing from  the  rocket  power  turbine.  Correspondent  air  temperature  and  pressure  are 


K/K-l 

TSa  ' TJ  - <Vla  ' Vl)/28*Cpa  778  * P*«  ’ p3  <W  “Pig  <»> 


being  Vj,  V5a  and  p5g,  air  velocity  downstream  the  compressor  and  after  the  expansion,  and  pressure  at  the 
turbine  exit. 

The  gas  flow  mg  has  undergoing  an  expansion  in  the  turbine,  from  which  we  carry  out 


T|»e  “ ^Se  * m ^ (T«  - Ta)/m  C n n 

8 38  a pa  * * g pg  t m 

Pag  ‘ Psg  ♦ ”8  VCpa  (T,  - Ta)  nn  144 

,n/n-l  . , ,1/n 

Pag  * Psg  ^4g/T5g)  , e4g  - eSg  (p4g/p5g> 


(20) 

(21) 

(22) 


where  p^,  T5g,  n and  subscript  4,  mean  average  density  of  the  gas  through  the  turbine,  temperature  at  the 
turbine  exit,  polytrophic  exponent  during  the  real  expansion,  and  gas  condition  upstream  of  the  turbine 
(downstream  the  rocket  nozzle). 

The  rocket  exhaust  velocity 


vag  * c ep8<*sg  - V*778 


(23) 


is  also  the  inlet  velocity  (with  appropriate  angle)  in  the  turbine.  This  velocity  has 
imposed  from  the  turbine  and  the  rocket  combustion  chamber.  Ue  take,  from  Eq.  (23), 
and 


to  match  conditions 
the  temperature  Tgg 


P|g  * Pag  (l|g/l4g) 


a/ a- 1 


P|g  " Pag  (Pgg/Pag) 


l/n 


(24) 


From  the  nosale  throat  eoeditioas  (th) 


\h  * ***  Pth/etb 


P{h  * P»g  (2/a  ♦ l) 


n/n-1 


* P»* 


l/o-l 


(where  a indicates  sound  speed)  we  get  the  nossle  throat  and  exit  (Ag)  areas 


A . • m *g/a  . o . , A • A *a  . p ,/V4  p4e  (25) 

th  g v th  th  e th  th  th  *g  * 

The  multistage  turbine  has  to  be  of  reaction  type  to  give  an  axial  thruse  equal  and  contrary  to  the  aerodjj 
aaaie  thrust  (Eq.  15)  plus  the  fan  axial  differenlal  force. 

The  constant  pressure  mixing  of  the  two  streams,  mass  flow  m#  with  speed  VJ#  and  temperatura  T^,  and  gas 


Ifi 


flow  m,  with  speed  V5,  and  teaperature  T!gl  it  a quite  coaplea  problca  to  be  solved  experimentally,  be- 
cause chemical  reactions  are  involved.  Hass' flows  are  three-dimensional  and  a lot  of  heat  is  transferred 
to  the  duct  wall.  According  a constant-pressure  mixing  design  method,  we  have  to  make  use,  step  by  step 
in  various  constant-area  flow  channels,  of  the  equation  of  state  and  the  conservation  of  mass,  energy  and 
momentum  at  constant  state  pressure. 

Here  we  assume,  as  a first  approximation,  a simple  mixing  in  which  the  resultant  stream  ia  one-dimcnsiotul, 
approaching  the  hydrogen  injection  zone  without  any  intermediate  combustion  before  the  one  at  the  hydrogen 
afterburners.  In  so  doing,  the  main  stream  proceeds  practically  at  the  same  initial  velocity  Vja  • V5g, 
considering  a coaxial  mixing  in  which  the  gas  speed  is  in  advance  reversed  in  the  sense  of  the  air  speed. 

How,  for  getting  an  approximate  value  of  the  entalpy  H6  after  constant  pressure  combustion,  we  consider 
completely  developed  the  previous  combustion  in  the  rocket.  In  this  way,  acceptable  for  an  overall  approx 
iaute  design,  the  gas  entalpy  after  the  "arnjet"  combustion  is,  according  Eq.  (6) 

H ♦ H ♦ c Q»f/(f  ♦ 1)  ■ tt*  (26) 

A g v 

where  the  fuel-air  ratio  f deponds  upon  the  maximum  acceptable  temperature  T6 . 

The  theoretical  nozzle  exhaust  velocity,  Eq.  (7),  and  the  real  density  (as  weight  average)  become 

V7  ■ At  H&  (1  - ( p0/ps)K~1/K > 778  (27) 

p7av  “ pSav  <P5/S»0>l/O  (28> 

Finally,  we  have  Eqs.  from  (8)  to  (13)  in  the  following  modified  forms 


ma  - (F  - ig*V7)/|(l  ♦ f)  V7  - V0|  0.9 


m»  - m.  <1  ♦ f)  ♦ m„ 


A,  • itj'tJey  V7 


- ma*g/p„  V0  • t A, 


q • (m,  - ma)  g 3600/F 
v7(l  ♦ f)/f  ♦ a v7  (1  * f*)/f  - v0/f|  v0/g 
(f  * a «*)/!• | 7?8  Q * vj/2  g| 


f * » hydrogen-oxygen  ratio 

a » oxygeu-iur  ratio 

i * o U * f*> 
g oxygea 

Mow,  fro*  the  air  eoaotioa*  behind  the  fan  (pag»  18),  with  Vj  » 8S8  ft/ftec  and  v5a  ~ **  12  ft/see.  we  get: 

T5a  * 2,127  *8.  p5a  * p5g  * 199.25  psia,  T„  * 3,887  *8,  p„g  . 758  psia.  V„  » 3.000  ft/see.  t5  * 3,052*8, 

Tgg  * 4,285  *8,  p,  * 1,303  psia,  V7  * 12,6*0  ft/see.  * 6 

For  this,  we  have  chosen  a /a  » 5,  f*  =>  0.285,  f « f » 0.0292. 

a g at 

Finally,  for  a thrust  F * 36,500  lb  at  h » 70,000  ft,  we  obtain  from  Eqs.  29,  30,  32  33  and  34,  being 

» 0.285  and  a » 0. 19; 

aa  e 3.56  lb  see/ft,  a7  = 4.37  lb  see/fl,  Aa  » Aa  a At  * 6.42  ft2,  q * 2.55  Ib/lb/hr.  n » 0.53. 

Fuel  consumption,  for  a 20  minute  cruise  at  Mg  » 4.5  and  b - 70,000  ft.  should  result,  with  two  engines 

q*2F'»200*y 3,600  » 62.050  lb 

Additional  fuel  consumption  for  take-off,  eliab.  accelerat ion,  descend  and  land,  »nd  fuel  reserves,  should 
result  too  high  >r  an  entire  mission  from  take-off  to  70,000  ft  height  and  lending. 

therefore,  for  having  reasonable  payload  and  take-off  aircraft  gross  weight,  turbo-rockets  Bay  be  employed 
as  auxiliary  engines  t->  increase  considerably  the  velocity  of  a conventional  turbojet  powered  aircraft. 


IV-.’U 


when  .this  lias  already  reached  an  appropriate  flight  altitude,  or  a*  rocket  air  augmented  second  stages. 
CONCLUSION 

this)  papei  Has  described  a method  of  approximate  overall  design  of  turbo-ramjet  and  turbo-rocketi'aircraf t . 
Only  as  a role  of  example,  numerical  computations  are  carried  out.  In  particular,  the  author  notes  that 
the  values  of  the  shock  cospression  ratios  applied  to  flight  Mach  numbers  Mg  * 2.5  and  Mg  ■ 3.5  on  Table  3 
are  practically  too  low.  In  fart,  for  example  at  a flight  Mach  number  of  2.5,  the  static  pressure  ratio 
across  the  supersonic  section  of  an  inlet  is  practically  about  11. 
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Fig.  11  “ Supersonic  chamber  of  combustion 
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Fig.  10  - Buzz  suppression  mode  inlet 

operation  (Ref.  5) 


Fig.  12  - Displacement  of  the  centerbody  to 
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function  of  the  flight  speed 


Fig.  19  - Axisymmetric  intake 
design  for  turbo-ram 
jet,  as  in  figure  2 
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Fig.  31  - Two-dimensional  underwing  turbo- 

ramjet arrangement 
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fueled 


MSMMGIR  COHMRTHCHT  UfPCR  t lOWt*  JOtTUtt  4UA3 


IfT..;...]'''#'  i'll  | 


Hydrogen  fueled  turbo-ramjet  configuration  for  supersonic  transport 
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Fig.  39  - Flight  Mach  number/altitude  relation 

according  the  mission  scenario  of  Fig.  35 
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Fig.  40  - Engine/aircraft  performances  relative 

to  mission  scenario  in  figure  35 
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Fig.  43  - Airplane  lift/drag  coeffi- 
cients as  function  of  flight 
Mach  number 
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Fig.  45  - Thermal  cycle  for  turbojet  with 

afterburning 
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Fig.  46  - Thermal  cycle  for 

dry  turbojet 
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Fig.  47  - Compressor  performance  map  of  a typ- 
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line  during  increasing  flight  speed 
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Fig.  48  - Turbo-ramjet  for  supersonic  transport  aircraft 
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SUMMARY 

Military  mission*  which  require  long  ranges  and  high  speed  terminal  flight  cannot  be  powered  by  a single  convention- 
al powerplant ; instead  a combination  of  two  engines  or  a multicycle  engine  is  necessary. 

Preliminary  calculations  are  presented  for  o combined  ramjet-turbofan  engine  where  the  long  range,  low  speed,  low 
altitude  flight  is  powered  by  the  turbofan,  and  the  final  supersonic  approach  at  low  altitude  is  powered  by  the  ramjet  after 
the  turbofan  has  been  jettisoned. 

An  evaluation  of  the  system  is  made  together  with  a comparison  with  possible  competitive  solutions,  the  design  criteria 
are  discussed,  and  an  applicative  example  is  presented. 

LIST  OF  SYMBOLS 

A area 

A;j  A|/Aj 

Ag,  capture  area 

Cq  drag  coefficient 

Cj  thrust  coefficient 

D drag 

fm  midbody  fineness  ratio 

f$  stoichiometric  fuel/air 

g gravity  acceleration 

I,  specific  impulse 

L lift 

M Mach  number 

p pressure 

R range 

T thrust 

T0  recover)-  temperature 

V speed 

Wa  air  mass  flow  rate 

^ij  recovery  pressure  between  i and  j 

P equivalence  ratio  (fuei/stoichiometric  fuel) 

Subscripts 

1 , 2, . .7  numbers  defining  characteristics  area  (see  fig.  3) 

R ramjet  or  ram -phase 

T turbo  or  turbo-phase 

ao  free  stream. 


1 . INTRODUCTION 

In  a number  of  military  applications  of  unmanned  vehicles  there  may  be  several  conflicting  flight  requirements  such  as 
long  range,  high  speed,  low  altitude,  which  cannot  be  sotisf'ed  by  o single  cycle  or  by  one  type  of  engine. 

In  particular,  a typical  situation  arises  when  a long  range  weapon  must  reach  the  target  at  high  speed  ond  at  low  flight 
altitude. 

Specifications  which  are  typlcol  for  o number  of  missions  of  interest  are  t overall  range  500  - 700  Km,;  terminol  speed 
on  the  target  : M = 2 - 3 ; high  speed  terminal  range  50  - 150  Km,  at  sea  level. 

Some  of  these  applications  are  dictated  to  ensure  a low  vulnerability  ond  low  cost/effectiveness  (the  system  con  be 
launched  ver>  far  from  the  target  at  a sofe  distance). 

The  long  range,  subsonic  low  altitude  flight  colts  for  a low  specific  fuel  consumption  engine  : the  obvious  solution 
v<ould  be  o turiso  engine. 

The  comparatively  short  range,  low  oltltude,  high  speed  terminal  port  of  the  mission  calls  for  ramjet  or  rocket  engines. 

The  second  solution  could  be  feasible  obviously  only  when  rhe  second  port  of  the  trajectory  is  very  short.  In  this  cote, 
however,  the  tystem  appears  to  be  too  vulnerable. 

It  appears  therefore  that,  in  terns*  of  performances,  the  best  combination  for  relatively  long  range  missions  I*  o turbo 
engine  (as  the  suttalner  for  the  long  range,  low  altitude  high  subsonic  initial  part  of  the  mission)  plus  a ramjet  (for  the  high 
speed,  low  altitude,  medium  range,  terminal  part  of  the  mission). 


In  this  paper  an  Integration  Is  sought  between  a turbo  engine  and  a ramjet  with  the  aim  of  defining  a propulsion  system 
which  allows  a small  allmp  weight  (A.U.W.)  of  the  vehicle. 

In  particular,  the  air  intakes  and  the  air  ducts,  and  possibly  some  part  of  ‘he  fuel  system,  of  the  turbo  engine  and  of  the 
ramjet  are  the  some  so  that  a weight  saving  Is  obtained. 

The  adoption  of  a turbofan  as  sustainer  appears  to  be  suitable  for  the  two  following  reasons  t a)  the  SFC  Is  better  than 
the  SFC  of  a pure  turbojet  (even  at  a high  subsonic  Mach  number)  and  b)  the  by  pass  ratio  of  the  turbofan  Is  o convenient  design 
parameter  which  can  be  used  to  match  the  geometrical  requirements  of  the  two  engines  and  to  minimize  the  launch  weight  of 
the  system. 

The  proposed  propulsion  system  is  analyzed  and  preliminary  calculations  are  presented  which  shows  Its  feasibility  and 
the  advantages  over  other  possible  solutions. 


2.  VEHICLE  ENGINE  LAYOUT  AND  TRADE-OFF  WITH  OTHER  POSSIBLE  SOLUTIONS 

A possible  vehicle  layout,  which  will  be  analyzed  In  the  next  sections,  is  shown  in  fig.  I, 

The  turbofan  and  the  ramjet  are  in  tandem  configuration  (fig.  2). 

A sketch  of  a ramjet  is  represented  in  fig.  3. 

The  former  is  the  " 1st  stage  " of  the  vehicle. 

The  fuel  tanks  necessary  for  the  turbofan  phase  are  “wrap  around"  in  the  oft  end  of  the  vehicle. 

The  ramjet  is  located  between  the  main  body  and  the  turbo  engine  and  air  is  supplied  by  four  side  inlets. 

SP  rocket  boosters  to  provide  acceleration  from  subsonic  speed  to  supersonic  cruise  speed  for  the  ramjet  are  olso  in  the 
"wrap-around"  configuration,  e.g,  right  behind  the  inlets. 

The  fuel  tank  for  the  ramjet  phase  is  in  the  midbody,  while  the  payload  is  in  the  forjbody . 

The  layout  of  the  combination  ramjet  -turbofon  is  shown  in  fig.  2. 

Under  the  assumption  that  the  system  Is  feasible  (i.e.  that  o satisfactory  matching  between  the  turbo  and  the  ramjet 
is  possible),  then  one  may  expect  a specific  impulse  for  the  turbofan  operation  (at  M -0.8)  of  approximately  3600  (s)  and 
a specific  impulse  for  the  ramjet  of  about  1600  (s) ; these  values,  together  with  the  weight  reduction  obtained  by  integration 
of  the  two  engines,  lead  to  a propulsion  system  weight  (engines  + fuel  + tanks),  substantially  smaller  than  the  weight  of 
Other  solutions. 

If  a supersonic  ramjet  is  chosen  for  the  entire  mission,  then  one  would  have  the  advantage  of  reducing  the  time  of  flight; 
however,  one  would  probably  face  complications  in  the  guidance  system  and  a very  high  all-up  weight,  due  to  the  comparati- 
vely high  SFC. 

A single  turbofan  engine  used  for  both  flight  phases  (subsu  -ic  and  supersonic)  would  be  rather  complex,  heavy  and  ex- 
pensive. 

In  this  case  probably  a turbojet  with  afterburner  should  be  utilized  and  variable  geometry  inlets  and  nozzles  should  be  provid- 
ed to  modulate  the  airflow  according  to  the  engine  requirements. 

The  possibility  of  using  solid  propellant  rocket  motors  for  the  cruise  phase  has  not  been  considered  due  to  the  very  low 
specific  impulse  (250  sec  or  less),  which  rules  out  such  motors  for  the  missions  considered. 

An  other  turbo-ramjet  combination  considered  (ref.  1 , turbojet  in  front  of  the  ramjet)  does  not  appear  feasible  for  the 
specified  missions,  because  this  tandem  solution  does  not  ollow  for  turbojet  jettisoning  and  would  result  in  a higher  A.U.W. , 
because  of  the  SFC  penalization  in  both  phases. 

The  cost/ effect iveness  of  the  proposed  solution  is  very  low  also  when  compared  to  the  solution  of  launching  a ramjet 
powered  payload  from  an  aircraft.  In  this  case  the  launch  platform  (which  substitutes  for  the  "first  $t<^e"  of  the  system),  has 
to  fly  close  to  the  target,  with  a consequent  penalization  of  cost  and  an  increase  of  vulnerability. 


3.  PERFORMANCE  CALCULATIONS  AND  DESIGN  CRITERIA 

In  this  section  the  performance  of  the  turbofan  and  ramjet  ore  presented  separately.  Turbofan  performance  is  based  on 
the  specialized  literature,  see  for  instance  ref.  2,  and  ramjet  performance  is  based  on  the  numerical  program  of  ref.  3. 

An  integration  of  the  two  engines  is  mode  in  terms  of  the  by  -pass  ratio  of  the  turbofan  necessary  to  match  the  airflow 
requirements  in  the  two  phases. 

3,1  Turbofon  performances 

The  specific  fuel  consumption  (SFC)  of  a typical  turbofon,  os  a function  of  the  by -pass  ratio  (BPR),  is  shown  in  fig.  4. 

The  SFC , ot  M = 0.8  decreases  while  increasing  the  BPR,  ranging  from  1 .25  to  1 .0  Kg/h/dN,  with  BPR  ranging  from  0 (turbo- 
jet engine),  to  3. 

Fig,  5 shows  the  thrust/airflow  ratio  as  a function  of  BPR,  for  the  some  Mach  numbers.  The  curves  were  computed  assum- 
ing o constant  turbine  inlet  temperature. 

High  BPR  leod  to  low  volu-as  of  SFC,  but  has  o negative  effect  on  engine  size  due  to  the  higher  airflow  requirements 
for  o given  thrust. 

Fig.  6 shows  a typical  thrust/ weight  trend  os  function  of  BPR.  The  plots  ore  necessary  in  ehoosing  the  turbofan  engine  for 
the  application  in  our  system. 

Once  the  thrust  level  has  been  chosen  for  a fixed  outer  diameter  engine,  the  engine  weight  and  SFC  dictate  the  propul- 
sion system  weight  (engine  * tank  + fuel)  for  the  turbo -stage,  and  for  the  given  mission. 

At  the  design  point,  the  air  mass  flow  rote,  Wg,  must  be  supplied  to  the  turbo  engine  by  the  common  air  intake  ; this 
means  that  the  air  intake  area  (A|)  must  be  properly  sized,  ond  that  choking  must  be  prevented  at  all  the  stations  downstream 
of  the  inlet  area. 

The  final  choi-.e,  however,  cannot  be  done  independently  of  the  second  stage,  because  the  common  ports  of  the  engines 


require  a proper  dtsign  to  match  both  the  ram  and  the  turbo  operations. 

3.2  Ramjet  performances 

Figgs.  7,  8 and  9 (taken  from  ref.  3)  show  the  maximum  specific  impulse  trend  os  a function  of  equivalence  ratio  (p) 
and  as  a function  of  the  engine  thrust  coefficient  Cf,  based  on  the  ramjet  combustion  chamber  cross  sectional  orea  (A3)  (see 
fig.  3),  and  of  flight  Mach  number  (Mffl), 

The  computations  have  been  performed  numerically  with  the  following  assumptions  t 

a)  One  -dimensional  flow 

b)  Subsonic  combustion  (Mjsr  0.2) 

c)  Equilibrium  chemistry 

d)  Combustion  efficiency  0.95 

e)  Inlet  recovery  according  to  MIL  Standard  Specifications 

f)  No  air  spillage  and  no  air  bleed. 

The  possibility  of  obtaining  the  maximum  specific  impulse,  for  a given  thrust  level  and  flight  Mach  number,  is  dependent 
on  a proper  sizing  of  the  ramjet  i.n.  geometric  capture  area  (A)),  diffuser  throat  area  (A2),  nozzle  throat  (A$)  and  exit  area 
(A7),  referred  to  the  combustor  area  (A3). 

Geometric  capture  area  A; 

The  orea  ratio  A^  - A]/ A3,  which  depends  on  the  flight  Mach  number,  on  the  equivalence  ratio,  and  on  the  thrust  co- 
efficient, is  one  of  the  most  important  design  parameters  because  it  prescribes  the  geometric  oir  intake  capture  area,  for  a 
given  combustor  area  (which  coincides  with  the  missile  main-body  cross  sectional  area). 

The  value  of  A]  must  be  the  same  for  both  the  turbo  and  the  ramjet  engine.  In  figgs.  7,  8,  9 the  ratio  A13  versus  jD  is 
pr**~ ;**d  ; the  values  of  AJ3  which  optimize  the  I,,  for  = 2.5  range  between  .25  - .5. 

Diffuser  throat  orea  A? 

The  diffuser  throat  area  Aj,  desgned  for  the  proper  ramjet  operations,  is  dictated  by  the  starting  of  the  diffuser  (if  a 
partially  internal  compression  is  required)  and  is  given  by  (ref.  4). 

/?„  fjrt-*)  _L  (i) 

~(fj  'f—t 

where  F(M)  is  the  mass  function  (ref.  5)  and  ^ao2  i*  the  total  pressure  recovery  between  stations  I and  2. 

Nozzle  throot  area  Ay, 

The  ratio  has  been  calculated  to  ensure  the  prescribed  ramjet  operations  (M&  = )).  A check  should  be  made  to  odvotd 
choking  at  Ai  during  the  turbofan  operation.  This  will  be  shown  in  the  following  sections. 

Exit  qreo  A7 

The  exit  area  (Ay)  is  calculated  to  give  full  expansion  unleu  A 73  = A7/A3>  1 . In  these  cases  A73  = 1 has  been  assumed 
allowing  far  an  underxponded  nozzle. 

Supercritical  operation  of  the  Inlet  has  been  assumed. 


3.3  Ramjet -turbofan  matching 

The  combination  of  the  engines,  following  the  sketch  of  fig.  2,  requires  that  the  air  duct  be  able  to  supply  the  necessary 
air  to  the  engines  during  both  flight  phases. 

Hence  the  matching  of  the  two  engines  consists  in  t a)  designing  the  inlet  area  (A])  so  that  the  turbo  and  the  ramjet  engi- 
nes provide  *he  necessary  thrust  at  near  optimum  spectfic  impulse  conditions  ; b)  providing  0 satisfactory  diffuser  area  distribu- 
tion for  both  operations  t c)  checking  that  there  is  no  choking  ot  the  ramjet  nozzle  throat  during  turbo  operation  ; d)  checking 
that  Mach  numbers  in  the  combustion  chamber  and  ot  the  compression  face  during  turbo  operation  ora  appropriate. 

a)  The  thrust  ratio  (both  flights  at  sea  level)  is  given  by  : 

7r/fj*  s Z)r/Z)f  a Car  //<£? / C»r  rtm#  (2) 

where  th«  drag  coefficients  ora  related  to  the  tame  crau  sectional  orea  (A3). 

The  ratio  of  the  required  oir  mats  flow  rates  ore  » 

iik r - War  Cer  i2Sn  ,,  t/J.  f.  01 

r,  o#  vL* " 

On  the  other  hand  : 

\X/*t/\X/q*  a (4) 

where  A^j  and  A®*  are  the  capture  areas  for  the  two  flight  conditions. 

Tto  thrust /airflow  ratio  of  the  tuibofan  is  o function  of  the  by  -pass  ratio  (IK)  and  Moch  number  (M^y)  (fig.  5)  : 

vVit/k  . {fari.rtmr)  (5) 

/ j 

4): 


. Jhe  value  of  IK  can  be  found  from  eq.  (5),  by  means  of  eqt.  (3, 

/(*'’*,**)  - J&*£-  . . 

' ' €*r  /VW  ft&j*  <0*/t 


(6) 


■4 


One*  th*  flight  Mach  numbers  havn  b**n  chosen  and  th*  drag  coefficients  evaluated,  eq.  (6)  glv«s  a tint  estimate  of 
the  BPS  o»  a function  of  th*  (pacific  Impulse  ond  of  th*  equivolertc*  ratio  of  th*  ramj*t  and  of  th*  ratio  A^t/AoR  = 

= AooT/A]  (o»  w*  always  omim*  Aa>R  = A]  during  ramjet  operation!) . 

Supposing  that  no  spilling  of  air  occor*  during  both  pitaies,  a lower  limit  of  BPR  may  exist.  In  fact,  low  values  of  BPR 
call  for  tmali  intalc*  capture  areas,  which  could  not  entur*  th*  required  airflow  to  th*  ram|*t,  and  then  th*  required 
flv/utt  level. 

This  limit  con  b*  found  from  th*  fol 'owing  aquation  : 

/{0**J*  ?(a«X-/Vr  Cor  (7) 

ond  from  th*  plot!  of  ramjet  Ajg  of  fig*.  7,  r , 9. 

Th*  diffuser  ihroot  area,  designed  for  proper  ramjet  operation  (te*  sub-sect.  3.2),  may  cholc*  the  flow  during  turbo 
operation  resulting  in  a strong  spilling  of  ui’flcw. 

In  ord*r  to  avoid  th*  spilling,  a variable  geometry  inlet  has  to  be  provided  : 

During  turbo  operation  th*  throat  area  must  b*  large  enought  (A) 2 * I)  to  prevent  spilling  whit*  during  ramjet  operation 
th*  threat  area  is  dictated  by  th*  starting  and  swallowing  (A^  s 2), 

A rather  simple  diffuser  has  ro  be  designed  which  allows  a "switch  " from  one  condition  to  another. 

Th*  oth«r  possibility  (fix*d  geometry  inlet)  colls  for  spilling  during  th*  turbo  phase,  as  th*  oir  mass  flow  is  dictated  by 
th*  inlet  throat. 

In  th*  first  cos*  (variable  geometry,  no  spilling),  A^f  = = Aj,  then  th*  BPR  is  given  by  ; 


X/'3peJ-  1 - 

Cj>r  //aor  £ (Ah  4*/* 


and  th*  optimum  ramjet  equivalence  ratio  can  be  selected  as  a design  point.  Then  the  BPR  U found,  and  the  other  turbo- 
fan parameters  can  be  calculated. 

For  example,  assuming  (see  also  example  shown  in  sec.  4)  : 

Marf  = 0.8 
McoR  = 2.5 
CDT  =0.6 
CqR  = 0.4 
and  (fig.  8)  : 

^R)opt  “ °*4 


w*  obtain  : 

T/Wa  0 dN/Kg/ 

BPR  2.5 

SFC  a I Kg/ii/dN 

b.2)  In  the  second  case  (a  fixed  geometry  inlet),  the  diffuser  throat  sice  necessary  for  starting  is  given  by  eq.  (1). 

Hence  equation  (6)  becomes  : 

ffePt!)*  JQSS.  JftS*.  ■ -J (9) 

Cat  Moot  £(A)4^o/s 

This  equation  sets  a limit  to  th*  BPR.  Matching  between  th*  two  engines  may  be  passible,  provided  that  an  adequately 
law  BN  is  chosen,  according  to  eq.  (9).  For  example,  with  th*  assumptions  mode,  we  obtain  j 
Aji  -0.45 
and,  then  ; 

A.T/A3  >0.47  (A, 3)n 

From  fig.  8 and  eq.  (9),  the  turbo  parameters  became  : 

</W„  3 42.5 
BN  *0.4 
SFC  - 1.2 

and  therefore  e pure  turbojet  may  be  chosen. 

c)  Depending  mainly  on  th*  ramjet  design  Mach  number,  a condition  may  be  reached  where  the  nessl*  ,hroat  a/e  a (A^) 
necessary  far  ramjet  operation,  becomes  tee  smelt  for  turbo  operations  thus  leading  to  choking  and  spilling  of  air. 

’’his  may  set  a limit  te  th*  IN  of  tha  turbofan. 

<ha  condition  of  "no  choking"  in  th*  nasst*  throat  may  be  represented  by  means  of  th*  following  relation  : 

f/V/omr]  /‘//to*)  /T—*J*  v jr  / J Z r . . 

~i  Tf^jr 4 . *-•  ('•  *5. A/ 

which  implicetly  represents  th*  condition  < 

(A^)  necessary  turbe  ( (Aft)  necessary  ram 

Fig.  10  thaws  an  example  of  nestle  threat  area  trend  with  p , far  - 2.5  and  C7  = 0.4.  it  can  be  swan  that  by 
decreasing  pg  th*  ratio  A^j  decreases. 

d)  At  for  m the  Mech  number  In  the  combustion  chamber  during  the  turbo  phot*  Is  concerned,  it  ranges  from  0.1  up  to  0.3 
depending  on  th*  design  conditions,  thus  ossu r ing  small  pressure  losses. 

A more  appropriate  crUertum  of  designing  th*  anginas  must  be  based  on  the  minimisation  of  the  overall  propulsion  system 


weight  for  a given  million,  taking  into  account  SFC,  drag  and  engine  weight  variation!  with  BPR  still  checking  that  no 
choking  occun  during  turbo  operation!. 

Obviously  the  miuion  ranges  influence  the  choice  of  turbofs  > BPS,  In  fact,  in  the  limiting  cate  of  R^/ Rj  — #►  0 it 

would  not  pay  to  optimize  the  ramjet  performance!  ; viceveria  if  the  ramjet  range  it  long  (ai  compared  to  the  turbo  range) 
the  overall  propulsion  syitem  weight  optimization  colli  for  on  optimum  ramjet  design. 


4.  SAMPLE  MISSION  AND  ENGINE  DESIGN 

Let  us  show  how  to  size  a complete  system  for  the  following  mission  : 

Ramjet  operation ; 

Range  : 100  Km 

Mach  : 2.5 

Altitude  : sea-skimming. 

Turbofan  operation  : 

Range  : 500  Km 

Mach  : 0.8 

Altitude  : low  altiiude  (sea-level) 

A payload  of  230  Kg.  and  an  airframe  weight  of  90  kg.  are  assumed.  The  vehicle  is  to  be  propelled  by  the  engine  combi- 
nation discussed  in  sect.  3 and  whose  configuration  schematically  appears  in  fig.  1.  We  will  examine  and  conduct  a prelimi- 
nary design  for  each  of  the  engines  separately,  i.e.  the  turbofan,  the  booster  rockets  and  the  ramjet. 

Matching  the  turbofan  and  the  ramjet  will  be  performed  by  the  criteria  outlined  in  sect.  3.3. 

4.)  Ramjet  phase 

The  overall  "second  stage"  weight  and  dimensions  are  determined  according  to  figs.  II,  12,  13.  In  these  figures  the 
range,  the  weight,  the  length  and  the  diameter  ore  related  in  a parametric  form.  The  curves  were  prepared  by  a computer 
program  (ref.  6)  with  the  following  assumptions  : 

Launch  Mach  number  0.8 

Cruise  Mach  number  2.5 

The  cruise  drag  coefficient  hat  been  assumed  as  a function  of  the  midbady  fineness  ratio  : 

CD  =0.35  + 0.005  (fm) 

and  the  specific  impulse  of  the  ramjet  as  a function  of  Cq,  according  to  figs.  7,  8,  9. 

The  boost  phase  accelerates  the  vehicle  from  M » 0.8  to  M = 2.5  . A boaster  structural  factor  0.3  has  been  assumed, 
with  lt=  250  s. 

The  curves  of  figs.  11 , 12,  13  show  the  variation  of  range,  dart  weight  and  A.U.W.  as  a function  of  missile  diameter 
and  missile  fineness  ratio. 

The  mission  defined  above  is  satisfied  by  the  missile  having  the  following  characteristics  : 


Diameter 

0.4  m 

Length 

5.0  m 

Pay  food 

230  Kg 

Propulsion  system  (ramjet) 

2 GO  Kg 

Airframe 

90  Kg 

Oort 

600  Kg 

Boosters 

280  Kg 

A.U.W. 

880  Kg. 

Drag  coefficient  of  this  missile  is  about  Cq  = 0.4. 

4.2  Booster  phase 

The  boosttr  phase  provides  acceleration  from  the  turbo  cruise  Mach  nuesber  (M  8 0.8)  up  to  the  ramjet  cruise  Mach 
number  (M  » 2.S).  It  was  determined  (sec.  4.1)  that  the  overall  booster  weight  is 
Wb  = 2S0  Kg 

ana  the  relative  propellant  weight 
W^  = 200  Kg 

We  as  it  me  four  wrap-around  Matters,  located  in  the  eft  end  of  the  missile,  (see  fig.  I)  having  roughly  the  following 
dimensions  : 

dlometer  : 0.17  m 

length  s 1.5  m 

4.3  Turbofan  phase 

In  the  Hirbafan  phase  the  missile  defined  in  sect.  4. 1 is  the  payload.  The  main  parameters  of  this  ptae  «e  : 

Guise  Mach  M^r  » 0.S 

tenge  If  =500  Km 

flight  time  tj  =0.51  h 

Furthermore  the  following  ratios  tram  appropriate  for  the  system  : 


Lift/Drag  LID  = 3.5 

Fuel/A. U.W.  Fr  =0.15 

The  SFC  of  the  engine  must  not  be  greater  than  : 

SFC  =/*  ^ T - 1 Kg/h/dN 

Hence  a double  flux  engine  seems  appropriate  for  this  application  (fig.  4). 

It  is  supposed,  in  this  and  the  following  subsection  that  a variable  geometry  inlet  is  used,  hence  allowing  Aooj  = A] , 
unless  spilling  due  to  nozzle  throat  occurs. 

Tab.  1 summarized  the  main  parameters  as  a function  of  by-pass  ratio,  for  the  mission  defined  before.  A drag  coeffici- 
ent slightly  increasing  with  BPR  has  been  assumed.  In  a detailed  analysis  a careful  study  of  this  point  has  to  be  made  also  tak- 
ing into  account  the  available  engines. 

The  capture  area  (equal  to  the  geometric  capture  area  if  there  is  no  spilling),  referred  to  Sr  = A3  is  given  by  : 

/9o*S  “ W*,/ p^,  ]£, 

*-*■  >/i  K.a.fer.+fs 

and  is  shown  in  fig.  14  as  a function  of  BPR. 

4.4  Matching  of  turbofan  ond  ramjet . BPR  choice 


A variable  geometry  inlet,  according  to  sec.  3.2,  is  assumed. 

In  the  table  1 , the  ramjet  equivalence  ratio  p , as  a function  of  A^g  calculated  in  the  previous  section,  is  presented.  The 
equivalence  ratio  is  found  from  fig.  8 (or  fig.  10).  In  the  next  column  of  table  1 , the  maximum  specific  impulse  of  ramjet  is 
presented,  as  found  from  fig.  8 (or  fig.  10). 

Drag  during  the  ram  phase,  is  about  22000  N and  the  fuel  weight  will  be  given  by  : 

T'Vfe  = OsRn/^Isn  K 

Low  values  of  BPR  (less  than  about  0.6)  call  for  small  air  intakes  capture  area,  which  does  not  ensure  the  required  thrust 
level  during  the  ram  phase  (see  sect.  3.3,  point  a),  as  it  is  seen  from  iab.  1 ore  fig.  8. 

On  the  other  hand,  increasing  values  of  BPR  lead  to  values  of  the  ramjet  l5,  first  increasing  and  then  decreasing  (tab.  1). 
In  addition  the  condition  is  reached  in  which  the  nozzle  throat  dictated  by  ramjet  chokes  the  flow  during  the  turbo  phose  (sect. 
3.3,  point  c).  This  condition  corresponds  to  a BPR  2 (Pr  =0.435,  A^2  = 0.32). 

Fig.  15  shows  the  plots  of  the  fuel  weight  required  during  the  two  phases  and  the  weight  of  the  turbofan.  The  two  limits 
discussed  above  are  also  shown. 

Fig.  16  shows  the  overall  weight  of  propulsion  system  (engines  + fuel  + tank)  as  a fund 'cl  of.  BPR.  For  the  sample  mission 
considered  the  curve  is  quite  flat,  and  the  minimum  is  very  near  to  the  limit  BPR  = 2. 

If  a BPR  — 2 is  selected,  the  following  weight  breakdown  is  obtained  for  the  entire  vehicle  : 


Payload  weight 

230  Kg 

Airframe  weight 

90 

Fuel  weight  (ram) 

160 

Fuel  tank  (ram) 

25 

Ramjet  engine 

95 

Dart  second  stage 

600 

Boosters 

280 

A. U.W.  second  stage 

880 

Fuel  weight  (turbo) 

167 

Fuel  tanks  (turbo) 

25 

Turbofan  engine 

65 

Fittings  - fins 

30 

A. U.W.  first  stage 

1167 

Overall  length  will  be  about  6 m.  with  a body  diameter  d = 0.4  m. 


5.  CONCLUSION 

Preliminary  calculations  have  been  presented  for  a combined  turbofan  -ramjet  engine  where  the  turbofan  is  the  sustainer 
motor  for  a long  range,  low  altitude,  subsonic  flight  and  the  ramjet  powers  a medium  range,  low  altitude,  supersonic  flight, 
after  the  turbofan  has  been  jettisoned. 

The  engine  investigated  may  be  of  interest  in  the  applications  to  the  "cruise  missiles"  (ref.  7,  8),  for  which  a final  super- 
sonic approach  may  be  requested. 

The  vehicle  configuration  is  also  interesting  as  if  increases  penetration,  and  reduces  the  effectiveness  of  the  defences. 

The  proposal  combination  appears,  for  these  classes  of  missions,  the  most  promising  one.  It  has  been  shown  that  the  turbo- 
fan BPR  is  a good  parameter  to  match  the  engines  and  the  design  criteria  have  been  illustrated.  The  relative  values  of  ranges, 
as  well  as  the  Mach  numbers  have  a direct  influence  on  the  engines  design. 
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INTRODUCTION 

For  years,  the  helicopter  has  been  the  only  practical  vertical  takeoff  and  landinr 
(VTOL)  aircraft  configuration.  Even  experimental  high-disc- loading  VTOL  aircraft  were 
not  possible  until  development  in  propulsion  technology  permitted  acceptable  thrust-to- 
weight  ratios.  The  increased  horsepower  to  weight  and  the  lower  specific  fuel  consump- 
tion of  the  current  generation  of  turboshaft  engines  have  made  significant  improvements 
in  helicopter  performance  and  operating  envelope. 

The  convertible  fan  shaft  (CFS)  engine,  utilizing  lightweight-fan  and  advanced  tur- 
boshaft-engine technology,  is  proposed  as  a propulsion  system  for  a compound  helicopter 
that  can  potentially  double  the  operating  envelope  of  present  rotary  wing  aircraft.  Sig- 
nificant improvements  in  future  VTOL  aircraft  depend  upon  propulsion  technology  and  the 
proper  tradeoffs  between  the  hover  and  cruise  requirements. 

The  compound  helicopter’s  preformance  capabilities  and  propulsion  requirements  are 
briefly  reviewed  here.  The  AH-56  Cheyenne  aircraft  has  been  used  as  a baseline  to  eval- 
uate the  CFS  engine  (Figure  1). 

The  views  expressed  are  those  of  the  author  and  not  the  US  Army. 

CONVERTIBLE  FAN  SHAFT  ENGINE 


The  CFS  engine  is  a combination  of  a high-bypass  fan  coupled  with  a turboshaft  engine 
to  provide  auxiliary  thrust  capability  for  a rotary  wing  aircraft.  As  with  all  VTOL  pro- 
pulsion systems,  the  CFS  engine  must  be  designed  to  satisfy  the  hover  horsepower  require- 
ment for  the  hover  condition,  while  at  the  same  time,  providing  adequate  thrust  and  shaft 
power  for  the  cruise  or  maximum  speed  requirement  at  the  specified  altitude  and  tempera- 
ture. The  sketch  of  the  CFS  engine  shown  in  Figure  2 highlights  the  significant  compo- 
nents: the  high  bypass  fan,  the  gearbox  with  a shaft  output  to  the  main  rotor  gearbox, 

the  turboshaft  engine,  and  the  integrated  control  system. 

The  Army  conducted  a number  of  CFS  engine  studies  in  the  late  1960’s.  These  studies 
were  based  on  utilizing  turbofan  bypass  ratios  of  approximately  3 to  12.  These  CFS  engine 
investigations  were  based  primarily  on  a stopped,  stowed-rotor  aircraft  configuration  and 
included  the  engine  complexity  to  accomplish  the  transition  to  the  stopped-rotor  mode. 
Subsequently,  prop-fan  studies  and  hardware  investigations  have  developed  data  for  higher 
bypass  ratios,  which  are  more  efficient  for  the  200-to-350  knot  speed  range.  The  CFS 
engine  design  goals  for  this  investigation  are  based  on  the  prop  fan  performance  found  in 
Reference  1 and  the  engine  configuration  defined  in  Reference  2. 

The  prop  fan  for  the  220-knot  maximum  speed  compound  helicopter  will  have  design 
pressure  ratios  in  the  1.06  to  1.10  range  with  a total  activity  factor  of  1000-1200  (solid- 
ity approximately  .3),  The  300-knot  maximum  speed  aircraft  will  utilize  pressure  ratios 
on  the  order  of  1.15.  The  fan  configuration  will  be  designed  by  cruise  and  high-speed 
requirements:  the  lower  pressure  ratio  and  solidity  (less  than  1.0)  should  permit  reverse 
thrust,  with  blade  pitch  change  in  a conventional  propeller  mode  (decreasing  blade  angles 
or  through  the  low-pitch  mode).  The  compound  aircraft  would  require  the  capability  of 
operating  with  varying  inflight  negative-net-thrust  demands  to  control  dive  angle  and 
rapid  deceleration.  The  QFT-55  performance  under  reverse  thrust  conditions  (Reference  3) 
has  demonstrated  acceptable  inlet  performance  and  fan-blade  stresses  with  increasing  blade 
angles  through  the  feather  mode,  which  is  more  severe.  The  root  of  the  blade  must  be  com- 
promised for  supercharging,  particle  separation  and  reverse  operation.  Erosion  protection 
will  be  required  for  the  nacelle  lip,  blades  and  stators,  particularly  in  a rotary-wing 
hover  environment. 

During  take-off  or  the  hover  node,  the  fan  will  be  at  a low  piteh  setting  to  minimise 
the  power  absorption,  which  is  estimated  to  not  exceed  10-151  of  take-off  power.  During 
transition  flight,  60  to  80  knots,  thrust  will  be  provided  by  increasing  the  fan  pitch, 
and  the  power  to  the  main  rotor  will  be  decreased.  For  cruise  and  high-speed  right,  the 
rotor  horsepower  will  be  held  approximately  constant:  the  fan  shaft  spool  will  operate  at 
a constant  speed.  Higher-speed  compound  aircraft  will  require  10-201  reduced  fan  spool 
rpm  to  provide  reduced  rotor  tip  speeds  for  non-stowed  rotor  aircraft. 

The  CFS  engine  can  provide  inherent  inlet  particle  separation,  IPS,  with  the  large 
swirl  imparted  at  the  low  blade  angles  in  the  shaft  mode  of  operation.  A preliminary  IPS 
assessment  conducted  during  the  CFS  engine  design  of  Reference  2 confirmed  the  pote-rial. 
The  accessory  gearbox  drive  arrangement  can  be  extended  to  the  fan  shroud/covling  r,  a 
jack  shaft  or  engine  mounted  in  a conventional  turboshaft  configuration. 

The  performance  of  the  CFS  engine  used  for  the  Att-56  comparison  ts  based  on  the 
prop-fan  performance  given  in  Reference  1 and  the  engine  eyele  parameters  of  approximately 
13:1  pressure  ratio  with  a 2000*F  turbine  inlet  temperature.  The  turboshaft  engine  con- 
figuration utilised  in  Reference  2 has  been  used  for  dimensional  scaling:  a five-stage 

axial  and  a one-stage  centrifugal  compressor,  an  annular  combustor,  a two-stage  gas-pro- 
dueer  turbine  and  a two-stage  power  turbine.  The  CFS  engine  characteristics  for  the 
three  fan  diar-»ters  considered  for  the  comparison  are  shown  in  Table  1. 


The  CFS  engine  control  system  must  provide  constant-speed  fan  spool  operation  during 
hover  and  cruise  flight.  A cockpit  control  ii  'ut  device  to  change  fan  blade  angle  can 
be  utilized  to  establish  the  desired  cruise  speed,  similar  to  the  All—  56  collective  twist 
grip.  The  control  system  must  include  an  automatic  input  into  the  pitch-change  mechanism 
to  minimize  fan  power  absorption  for  autorotation  or  an  inflight  power  loss  condition. 
Power  management,  or  the  proper  use  of  rotor  and  propeller  capabilities,  was  cited  as  the 
biggest  challenge  for  the  pilot  in  transitioning  into  the  AH-56  aircraft;  independent  lift 
and  drag  capabilities  provide  a wide  range  of  fiight  possibilities.  An  electronic  engine- 
control  system  will  provide  an  effective  interface  with  an  automatic  rotor-control  system, 
if  desired,  to  minimize  the  pilot’s  workload. 

COMPOUND  HELICOPTE R CHARACTERISTICS 

In  order  to  understand  the  compound  helicopter  auxiliary  thrvst  requirements,  a brief 
review  of  exoer. mental  aircraft  studies  is  in  order.  Rotary-wing  aircraft  may  bo  limited 
by  power  stress,  or  v. oration;  however,  Reference  4 makes  a strong  point  that  the  crew’s 
concern  for  vibration  levels  is  tl»o  usual  practical  limiting  condition.  The  experimental 
compound  helicopter  flight  test  da»  i demw.ntrates  a significant  improvement  in  the  vibra- 
tion levels  s s mown  in  Figure  j.  The  compound  helicopter  mode  allows  speed  increases  of 
60  to  100  knots  over  the  cnevent  .o'*- ' ■-'tary-wing  mode  for  the  same  level  of  vibration. 
The  government  test  pilot's  evaluation  of  the  NH-3A  concluded  that  "the  aircraft  was 
unusually  smooth  throughout  the  flight  envelope  flown,  including  high  speed  and  approach 
to  hovor"  (Reference  5).  In  addition  to  the  increased  speed  capability,  thore  is  a sig- 
nificant increase  in  the  load-factor  capability,  which  is  essential  for  the  use  of  higher 
speed  capability  in  maneuvers  r.sd  terrain  avoidance.  Figure  4,  which  ia  from  Reference  6, 
shows  the  XH-51  compound-  and  pure-holicopter  flight  test  results.  The  AH-56  envelope  was 
expanded  to  2.6g  positive  and  ,2g  negative  in  the  160  to  180  knot  range;  there  wore  no 
limiting  characteristics. 

The  compound  rotocraft  experimental  aircraft  investigations  reflected  that  auxiliary 
propulsion,  with  or  without  wings,  can  improve  the  vibration  levels  and  relieve  control- 
sytem  vibratory-stress  conditions.  The  NH-3A  flight  tost  results  shown  in  Figure  5 reveal 
a more  acceptable  rate  of  control  loads  build-up  with  high  speeds  with  auxiliary  thrust 
or  with  auxiliary  thrust  plus  wing  than  with  a pure  helicopter  thrust  alone.  The  rotor 
loads  at  advance  ratios  above  .40  wore  strongly  dependent  on  the  rotor  propulsive  forces 
required  for  the  Utl-1  compound. 

The  wing  and  the  increased  power  available  for  the  higher-speed  rotary  wing  aircraft 
increases  the  altitude-velocity  envelope  until  the  wing-induced  drag  becomes  dominant. 

The  compound  helicopter  has  a significant  increase  in  operating  envelope,  as  shown  in 
Figure  6 (from  Reference  11),  over  the  standard  helicopter.  The  performance  shown  is  for 
a compound  helicopter  that  was  designed  for  a 10,000-foot-altitude,  250-knot  cruise  con- 
dition. 

The  addition  of  an  auxiliary  thrust  device  on  a nelicopter  also  permits  a significant 
improvement  in  its  capability  as  a weapons  platform;  a stable  hover  can  be  maintained 
through  a 22-degree  range  of  pitch  attitude.  In  maneuvering  in  close  quarters  in  the  NOE 
environment,  the  auxiliary  thrust  allows  acceleration  and  deceleration  without  severe 
pitching  attitudes  and  rates. 

The  AH-56  performance  data  will  be  reviewed  to  gain  an  insight  into  the  power  and 
thrust  requirements  for  a 220-knot  compound  helicopter.  The  AH-56A  rotor  and  propeller 
performances  are  shown  in  Figure  7 for  a fixed  collective  position  above  approximately  80 
knots.  Figure  8 shows  the  horsepower  required  by  the  main  rotor  and  propeller  as  a func- 
tion of  airspeed.  Note  that  the  horsepower  required  by  the  main  rotor  is  approximately 
750  horsepower  and  remains  constant  with  speed.  The  propeller  power  continues  to  increase 
to  offset  the  drag  of  the  vehicle.  The  forward-flight  performance  for  rotor  thrust  and 
the  propeller  thrust  is  shown  in  Figure  9.  The  airc.  ft  is  flown  with  a constant  col- 
lective pitch  as  a fixed  wing  aircraft  above  60  to  8Q  knots.  The  lift-to-drag  ratios  are 
shown  for  the  NH-3A  and  AH-56A  in  Figure  10.  The  NH-3A  data  includes  two  aircraft  con- 
figurations, with  wings  and  without  wings,  and  two  different  rotor  collective  pitch  set- 
tings (i.e.,  rotor  horsepower  levels)  are  shown  for  the  winged  configuration.  The  rotor 
hub/fuselage  interference  drag  is  a significant  drag  area  that  can  be  improved;  the  main 
rotor  head  drag  was  the  largest  single  item  for  the  NN-JA  estimate  (9  ft*  out  of  35  ft2) . 
An  Army  research  and  development  program  is  underway  to  improve  the  main  rotor  hub  drag 
for  future  installations. 

The  fiight  speed  for  various  rotary  wing  aircraft  configurations  is  shown  in  Figure 
11.  The  Sell  UH-1  HPH  compound  helicopter  speed  of  274  knots  established  the  speed  record 
for  the  Army  compound  helicopter  experimental  work  in  the  mid  to  late  1560’s.  The  L'H-1 
NPH  tail  rotor  loads  were  critical  at  high  speeds;  excitations  from  the  main  rotor  vor- 
tices and  the  hub  and  rotatlng-conteol  wakes  were  the  probable  eauses.  The  tail  rotor 
problems  would  strongly  suggest  the  use  of  the  ducted  fan  directional  control  approach. 

The  NH-3A  and  A8-56A  flight  test  maximum  speeds  were  in  the  290  to  220  knot  range.  The 
practical  limit  for  an  unloaded  rigid  rotor  has  been  estimated  at  approximately  400  knots 
(u  of  1.6  combined  with  a tip  speed  of  .98  Mach)  (Reference  4).  Although  a maximum 
'light  speed  of  approximately  400  knots  could  theoretically  be  a^nieved  for  a slowed  rotor 
compound,  the  stowed  rote  • configuration  would  offer  a more  practical  alternative  at 
speeds  approaching  400  knots  (See  Table  3) . 

The  AH- 56 A flight  capabilities  used  the  propeller  for  a speed  brake,  permitting  steep 
approaches  and  dives.  Reference  7 describes  .in  entry  into  a J5-degree  dive  at  1500  feet 
at  2o0  knots  with  the  propeller  being  used  as  a “brake"  to  slew  to  110  knots.  A recovery 
was  made  at  100  feet,  followed  by  a normal  roll  on  landing,  thus,  a compound  helicopter 
propulsion  system  must  permit  the  use  of  the  thrust  device  m a negative  thrust  mode  to 
provide  the  maximum  versatility  for  the  aircraft. 

The  most  recent  parametric  design  invest igat ion  of  compound  helicopter  configurations 
considered  the  use  of  a variable-diameter  rotor  system  (Reference  §) . Helicopter, 


compound,  slowed-rotor  compound,  variable-diameter  rotor  aircraft,  and  stowed-rotor  con- 
figurations were  assessed  for  the  following  missiont  5000-pound  payload  with  a 4000-ft, 

95*F  hover  and  a 350-nautical  mile  range.  A summary  of  the  vehicle  characteristics  are 
shown  in  Table  2.  The  rotor  systems  were  designed  to  minimize  the  rotor  system  weight 
fraction  and  utilized  the  horsepower  installed  for  the  design  cruiso  condition  for  hover. 

The  higher-speed  aircraft  generally  had  increased  productivity,  which  offset  their  higher 
gross  weights.  The  advancing  blade  concept  (ABC)  preliminary  design  data  from  Reference 
9 is  tabulated  for  a sea-level  300-knot  maximum  speed  design  requirement.  The  ABC  con- 
figuration utilizes  two  convertible  fan  shaft  engines  that  have  an  integral  1.15  pressure 
ratio  3.98-ft-diameter  fan  and  are  rated  at  2790  horsepower  at  sea  level  static  conditions. 
The  breakdown  of  the  total  CFS  engine  weight  of  811  lb  was  estimated  to  be:  430  lb  for 
the  engine,  195  lb  for  the  fan,  86  lb  for  the  fan  shroud,  and  102  lb  for  the  fan  gearbox. 

The  data  establishes  a general  trend  of  power  loading  versus  speed  for  compound  heli- 
copters. The  AH-56A  is  the  only  aircraft  for  which  data  is  available;  its  parasite  drsr> 
characteristics  are  over  404  higher  than  the  parametric  aircraft.  CFS  engines  aro  used 
for  all  the  aircraft  oxcept  tho  AH-56A  and  the  compound,  which  both  use  an  aft-mounted 
pusher  propellor. 

AH-56A  PROPELLER  CONVERTIBLE  FAN  SHAPT  ENGINE  COMPARISON 

It  is  obvious  that  the  efficiency  of  the  high  bypass  ratio  fan  cannot  compete  directl* 
with  the  propoller.  The  propeller  is  more  efficient  than  the  fan  over  the  speed  range 
that  could  normally  be  expected  from  a rotary-wing  aircraft.  The  weight  and/or  installa-' 
tion  advantages  of  the  fan  have  to  off-sot  the  higher  efficiency  propeller.  A twin  CFS 
engine  installation  was  compared  with  the  AH-56A  propeller  installation  and  the  results 
arc  shown  in  Figure  12.  It  is  recognized  that  the  speed  range  of  this  comparison  prss*—.V. 
a difficult  challenge  for  the  CFS  engine.  , 

The  AH- 56 A parasite  drag  was  reduced  from  22.5  ft*  to  16.5  ft2.  The  auxiliary  tv t ..at 
required  for  a sea-level  220-knat  maximum  speed  condition  was  used  to  estaolish  three  pro- 
peller and  three  cruise-fan  configurations.  The  Hamilton  Standard  Generalized  Met >';•  4 of 
Propeller  Performance  Estimation  was  used  to  calculate  propeller  performance.  The  om- 
puter  performance  program  from  Reference  1 was  utilized  for  fan  performance  estimation. 

The  propulsive  efficiencies  of  the  propellers  and  fans  are  shown  in  Figure  13.  Con- 
stant speed  operation  was  assumed  for  the  propellers  and  fans;  the  propeller  tip  speed  was 
899  feet  per  second,  and  the  fan  tip  speed  was  700  feet  per  second.  The  maximum  engine 
horsepowers  required  aro  inversely  proportional  to  the  efficiencies  shown  at  220  knots. 

Note  the  significant  improvement  in  cruise  efficiency  for  the  10-f t-diameter  propeller  at 
lower  speeds,  although  the  engine  size  must  be  6%  larger.  The  fan  efficiencies  improve  with 
reducing  airspeeds,  and  the  maximum  values  occur  near  the  speed  for  best  range. 

The  T64  engine  data  was  scaled  to  the  220-knot  airspeed  requirement,  and  specific 
range  performance  data  was  calculated.  The  engine  size  was  based  on  having  two  CFS  engines 
to  provide  auxiliary  thrust  and  additional  757  horsepower  for  the  main  rotor,  35  horsepower 
for  the  tail  rotor,  and  88  horsepower  for  accessories.  The  specific  range  performance  is 
shown  in  Figure  13;  the  actual  AH-56A  aircraft  performance  is  almost  identical  to  the 
3.5-ft-diameter  fan  performance.  Thus,  the  propeller’s  specific  range  is  estimated  to  be 
13%  higher  chan  that  for  the  fan  installation.  Supercharging,  although  practical,  was  not 
included  in  the  CFS  engine  performance.  Based  on  a review  of  past  CFS  engine  design  inves- 
tigations. the  maximum  drag  estimate  for  the  CFS  engine  installation  was  estimated  to  be 
two  percent  up  to  a Mach  Number  of  3 (Reference  10).  The  fan  shroud  drag  was  included  in 
the  prop  fan  performance  analysis;  no  additional  drag  was  added  for  the  engine  cowling. 

The  weight  data  shown  in  Table  3 summarizes  the  AH-56A  aircraft  installation.  The 
CFS  engine  installation  is  shown  in  Table  4.  The  CFS  installation  is  believed  to  be  con- 
servative based  on  the  review  of  a number  of  CFS  engine  preliminary  design  installations. 

Thus  the  comparative  engine  and  fuel  weight  summary  for  the  AU-56A  based  on  a 300- 
nautical-mile  mission  is  as  follows: 


CFS  ENGINE  STUDY 

AU-56A 

10-ft  Propeller 

3.5-ft  Fan 

4.25-ft 

Installation 

1512  lb 

1512  lb 

1752  It 

1*48  lb 

Fuel 

2307  lb 

196?  lb 

2316  lb 

2222  lb 

3819  lb 

3479  lb 

4068  lb 

4070  lb 

The  300-nautieal-mile  range  or  approximately  2-hour  mission  represents  an  almost 
even  trade  between  the  3.5-  and  4. 25-ft-diaaeter  fans.  The  CFS  engine  installation  with 
fuel  is  approximately  174  heavier  than  a pusher-propeller  installation.  The  CFS  engine 
estimates  do  not  include  a weight  reduction  for  the  potential  integtation  into  the  fuse- 
lage wing  root  structure. 

The  sketch  shown  in  Figure  14  depicts  a 3.5-ft-diameter  fan  and  a 7-ft-dia»eter  pro- 
peller installed  on  an  AH-56A.  the  pusher-propeller  installation  is  ideal  for  the  AK-56A 
aireraftr  a larger  aircraft,  a cargo  transport  of  higher-speed  capability  (fan-in-fin)  may 
tend  to  offset  the  aft  installation.  A wing-mounted  propeller  would  encounter  wake  inter- 
action effects,  and  clearance  problems,  and  would  limit  the  launching  of  stores.  Figure 
14  also  shows  a fan-ia-fin  directional  control  force  system  that  would  eliminate  the 
aforementioned  tail  rotor  problems. 

SUMMARY 


The  compound  helicopter  experimental  aircraft  have  demonstrated  a significant  increase 


in  the  practical  operating  envelope  for  the  rotary  wing  aircraft  in  airspeed,  altitude, 
and  load  factor  capability.  The  AH-56A  aircraft  configuration  integrated  a propeller 
auxiliary  thrust  system  into  an  excellent  installation  for  its  gross  weight  and  mission. 

A convertible  fan  shaft  engine  can  offer  significant  potential  for  a larger  aircraft  of 
a higher-speed  design. 

The  CFS  engine  technology  base  has  been  developed  to  a large  degree  by  the  prop  fan 
work  accomplished  by  Hamilton  Standard  and  the  NASA  Lewis  Research  Center.  Advanced  tur- 
boshaft engine  technology  is  available  to  minimize  the  power  plant  package. 

The  CFS  engine  configuration  permits  installation  versatility  in  the  potential  com- 
bination of  propulsion  requirements:  Inlet  particle  separator,  auxiliary  thrust  {for 

hover-attitude  control,  low-speed  maneuvering,  flight-path  control  and  high-cruise  speed), 
shaft  power  for  the  rotor  and  directional  control  system,  and  integrated  infrared  sup- 
pression. The  practical  requirements  for  icing  provisions,  thrust  reversing,  horsepower- 
versus-thrust  modulation,  and  CFS  engine  control  will  present  a challenge,  but  there  are 
rational  engineering  solutions  available. 

The  CFS  engine  is  an  engine  concept  that  provides  an  integrated  thrust/shaft-horsepower 
propulsion  system  that  has  the  potential  of  enhancing  the  operating  capabilities  of  rotary- 
wing aircraft.  One  can  predict  a demand  for  efficient  hover  with  increased  flight  envelope 
abilities:  the  CFS  engine  can  meet  the  versatile  compound  helicopter  requirements. 
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TABLE  1 

Convertible  Fan  Shaft  Engine  Characteristics 


FAN 

ACTIVITY 

FACTOR 

TIP  SPEED 
FT/SEC 

220-KNOT  SEA-l 

EVEL  DESIGN  POINT 

SHP 

WEIGHT 

LB 

DIAMETER 

FT 

SHP 

FAN 

PRESSURE 

RATIO 

FAN 

BYPASS 

RATIO 

SEA 

LEVEL 

STATIC 

3.50 

1200 

700 

1758 

440 

1.09 

27.5 

1980 

701 

4.25 

1000 

700 

1758 

440 

1. 06 

39.4 

1630 

741 

5.00 

1000 

700 

1758 

440 

1.045 

53.3 

1770 

826 

TABLE  2 

Parametric  Mission  Analysis  Comparison 


AIRCRAFT  CONFIGURATION 


HELICOPTER 

COMPOUND 

SLOWED  ROTOR  COMPOUND 


OESIGN 

GROSS 

WEIGHT 

LB 


CRUISE 

ALTITUDE 

SPEED 

FEET 

KNOTS 


RATING 


19223  5000  3617 

175  KNOTS 

21666  5000'  5928 

20(1  KNOTS 

24654  10000'  6621 

250  KNOTS 


VARIABLE  OIA  ROTOR  COMPOUND  25469  20000  8P0 

300  KNOTS 

VARIABLE  OIA  ROTOR  SLOWED  287!8  20000'  11396 

350  KNOTS 

VARIABLE  OIA  ROTOR  STOIEO  26662  20000'  1317 

400  KNOTS 


AH-5BA 

ABC 


18300  SL 

163  MAX 

16000  SL 

277  MAX 


INSTALLED 

DISK 

GROSS 

WEIGHT 

THRUST  DEVICE 

SHP 

SLS 

LOADING 

LBS/FT2 

SHP 

OIA 

HP  SLS 

LB/SHP 

FT 

(OIA)2 

3817 

6 

5.31 

0 

0 

5929 

10 

3.65 

11.0 

49.0 

6821 

9 

3.61 

4.24 

189.7 

9110 

IS 

2.80 

4.22 

255.8 

12792 

15 

2.25 

4.27 

350.9 

10145 

13 

2.63 

3.46 

423.6 

3925 

1.17 

4.66 

10.0 

39.3 

5580 

12.7 

2.87 

3.96 

176.1 

& 
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TABLE  3 

AH-56A  Engine  and  Propeller  Weight  Summary 


ENGINE  SECTION 

181.0  lb 

ENGINE 

692.0 

AIR  INDUCTION  SYSTEM 

164.7 

ENGINE  OIL 

44.1 

ENGINE  CONTROLS 

12.1 

STARTING 

31.0 

PROPELLER 

333.7 

DRIVE  SHAFT  VE1GHT  REDUCTION 

53.0 

1511.6  lb 


TABLE  4 

CFS  Engine  Weight  Summary 


DIAMETER 

3.5  ft 

4.25  ft 

5.1 

ENGINE 

440 

407 

394 

FAN 

192 

256 

346 

GEARBOX 

89 

76 

86 

CFS  ENGINE 

701 

741 

626 

INSTALLATION 

140 

146 

165 

STARTING 

25 

25 

25 

CONTROLS 

10 

10 

10 

176  lb 

624  lb 

1026 

i 2 

x 2 

i 2 

1752 

1649 

2052 

VARIABLE  PITCH 
FAN  STAGE 


\ \ V turioshaft  core  engine 

\ INTERGRATEO  ELECTRONIC  CONTROL 

\ (FAN  I TUIIOSNAFT  MOIS) 

REDUCTION  GEARBOX  G ANGLE  DRIVE 
V SHORT  COIL 

INLET  PARTICLE  SEPARATOR  CONTOUR 


( otivcfttblc  Iw  mJiaft  c ttjiuic 
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DISCUSSION 


A.HJackson 

This  is  more  a comment  than  a question.  The  prop  fan  we  talked  about  yesterday  with  very  high  solidity  highly 
power  loaded  lice  prop  would  match  very  well  with  what  you  are  describing  here.  The  diameter  would  not  Ire  any 
significantly  bigger  than  the  variable  pitch  fan  you  are  showing  at  that  pressure  ratio  you  have  there.  The  prop  fan 
does  not  do  too  well  at  static  because  it  stalls  but  when  you  get  up  to  the  200  knots  range  its  efficiency  ought  to  get 
well  up  and  it  still  maintains  a very  compact  installation  because  the  blades  would  include  very  low  camber.  This  is 
typical  to  the  prop-fan. 

P.Langdetl 

( 1 1 Would  the  author  explain  the  power  plant  configuration  of  the  proposed  (T'S  aircraft:  in  particular,  is  tlte 
main  rotor  driven  by  the  forward  propulsion  engines  or  is  it  separately  powered? 

( 2 ) Is  it  envisaged  that  the  proposed  (T'S  aircraft  will  lie  capable  of  hovering  with  one  main  engine  inoperative. 


Author's  Reply 

( 1 ) The  power  plant  configuration  for  the  convertible  fan  shaft  engined  aircraft  utilizes  a conventional  free  power 
turbine  gas  generator  with  the  power  turbine  output  shaft  directly  coupled  to  a variable  pitch  prop  fan  and 
directly  coupled  to  the  main  rotor  gear  box  through  an  overrunning  clutch.  Thus,  the  same  gas  generator  is 
used  to  drive  the  main  rotor  in  hover  and  the  prop  fan  for  cruise  and  high  speed.  This  shaft  arrangement  per- 
mits a variable  power  split  between  the  main  rotor  and  propeller  such  as  is  shown  in  Figure  8 of  the  paper. 

(2)  The  proposed  convertible  fan  shaft  aircraft  would  not  be  capable  of  hovering  with  one  engine  inoperative  at 
the  design  gross  weight;  however,  after  partial  expenditure  of  the  mission  fuel  and  the  payload,  the  aircraft 
could  hover  in  ground  effect  on  one  engine  and/or  perform  a roiling  takeoff. 
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SUMMARY 


The  Paper  considers  the  effects  of  a distortion  upon  compressor  performance  and  discusses  a design 
technique  for  inlet  guide  vanes  to  decrease  the  effect  of  any  circumferential  pressure  distortion.  In 
the  instance  of  a predicted  circumferential  distortion,  a method  of  selectively  varying  the  stagger  of 
a sector  of  the  guide  vane  row  to  minimise  the  effect  of  change  of  rotor  incidence  created  by  this  class 
of  distortion  is  investigated  analytically.  Design  charts  for  both  cases  are  included  in  the  text. 

SYMBOLS 


A1  - Elemental  aerodynamic  inlet  area 

Ath  - Cascade  channel  areodynamic  throat  area 

c - Blade  chord 

Cax  - Axial  velocity  component 

CL  - Lift  coefficient 

E - Generalised  fluctuating  lift  function 

G - Mass  flow  rate 

g - Gravitational  constant 

i - Rotor  incidence 

t.  - Lift 

it  - Width  of  a prescribed  disturbance 

* 

My  - Mach  number  based  upon  blade  speed 

o • Mean  value 

n - Integer  » 1,  2.  3 

Pj  - Inlet  stagnation  pressure 

Pj  - Inlet  static  pressure 

R • Universal  gas  constant 

S(„)  - The  Sears  function 

Tj  - Inlet  stagnation  temperature 

T(-)  - Function  obtained  by  Horlaek 

t - Time 

u - Blade  speed 

u * Rotor  inlet  relative  air  velocity 

y • Tangential  linear  co-ordinate 

v • Transverse  component  of  incremental  velocity 


a - Guide  vane  exit  air  angle 

0 - Rotor  inlet  air  angle 

y - Ratio  of  specific  heats 

C - Vorticity 

v - Frequency  of  distortion 

X - Stagger  angle 

P - Density  of  air 

t - Inlet  pre-rotation 

$ - Axial  velocity  ratio 

- Distortion  level 

- Fourier  coefficient 

w - Reduced  frequency 


SUFFKIS 

d - in  the  distorted  flow  region 

t * transverse  component 

e - r?,ordwise  component 

n • integer  * 1.  2.  3 

q.s  - Quasi-steady 

n.s  - non-steady 
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The  overall  effects  on  the  performance  of  gas  turbines  of  distorting  the  Inlet  flow  to  the 
compressor  is  well  known.  In  general,  a reduction  in  performance  is  accompanied  by  reduced  surge  margin 
which  can,  in  certain  circumstances,  lead  to  a surge  condition.  The  distortion  also  creates  unsteady 
cyclic  loading  on  rotor  blades  which  can  accelerate  fatigue,  leading  to  mechanical  failure.  Further,  the 
cyclic  loading  may  act  as  a noise  generator. 

Of  the  various  classes  of  distortion  that  contribute  to  the  complex  distortion  patterns  experienced 
in  compressors  that  which  is  normally  reckoned  to  make  the  major  contribution  to  reduced  performance  is 
the  circumferential  distortion.  The  circumferential  pressure  distortion  in  compressors  has  been  the 
subject  of  much  modelling  and  experimental  observation.  Typically,  it  may  be  encountered  within  intakes 
downstream  of  struts,  or  may  be  the  major  component  in  a distortion  created  by  a separated  flow  due  to  a 
high  angle  of  yaw  or  incidence  to  the  intake.  For  the  installation  of  ducted  fans  or  propulsors  in  light 
aircraft,  pusher  configurations  are  frequently  used  and  a circumferential  inlet  pressure  distortion  is 
Inherent  in  the  design. 

Based  upon  two-dimensional  modelling  of  the  rotor  incident  flow  by  velocity  triangles,  the  purpose 
ef  this  Paper  is  to  examine,  firstly,  the  effects  of  both  a distortion  and  the  associated  time  rate  of 
change  of  rotor  incidence  upon  a compressor  stage  with  a prescribed  inlet  guide  vane  geometry.  Secondly 
there  is  an  examination  of  a method  by  which  inlet  guide  vanes  may  be  selectively  re-staggered  around  the 
compressor  circumference  to  reduce  or  eliminate  the  change  of  rotor  lift  due  to  a circumferential 
distortion  which  is  steady  In  nature. 

2.0  EFFECTS  OF  CIRCUMFERENTIAL  DISTORTION 

2.1  Alteration  of  Incidence 

Assuming  that,  in  passing  through  a row  of  inlet  vanes  a circumferential  distortion  is  sensed  as  a 
deficit  in  axial  velocity  and  there  is  no  change  in  deviation  of  the  inlet  guide  vane  flow,  there  is  from 
the  velocity  triangle,  (fig  1). 


tans  = 

±. 

at  the  design  condition 

(1) 

1-T 

*d 

<b  - A<*> 

tanB . « 

a — - which  accounts  for  distortion 

(2) 

U 

^d 

I-(t-At) 

and  » 

JL  = 

tana  for  no  change  of  deviation  at  the  guide  vanes 

(3) 

At 

T 

Substituting 

equation  (3)  into  (2) 

tanfij  a 

$ - 

(4) 

U 

1 • T 

P- Am) 
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The  change  of  rotor  incidence  due  to  the  distortion  yields 

tans  - tan8d 

tan  Md  « tan  (8  -8„)  • M^tari^ 

By  use  of  equations  (1)  and  (4)  the  change  of  incidence  nay  now  be  resolved  in  terms  of  the  axial  velocity 
ratio,  guide  vane  exit  whirl  velocity  and  distortion  change  of  axial  velocity, 

Jfi) 

:i-  u*  ♦ (i-o*  i ♦ (1*0 
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1.0  INTRODUCTION 


For  a range  of  values  of  axial  velocity  ratio,  the  change  of  Incidence  due  to  a distortion  Is  plotted 
In  fig.  (5)  as  a function  of  the  distortion  Intensity  parameter  ^ , and  the  pre-rotation  t. 

Reduced  distortion  sensitivity  may,  in  general,  be  associated  with  low  rotor  Incidence  change  and 
It  Is  seen  that,  at  reduced  levels  of  axial  velocity  ratio,  the  Incidence  change  is  at  Its  lowest. 
Unfortunately,  this  does  not,  in  general,  help  the  compressor  designer  because  a reduced  axial  velocity 
ratio  implies  a low  mass  flow  per  unit  frontal  area  for  the  compressor.  It  may  however  be  concluded  that 
because  of  the  higher  blade  speed,  tip  sections  of  rotors  are  likely  to  be  less  sensitive  to  distortion 
than  hub  sections. 

It  Is  further  observed  that,  at  all  levels  of  axial  velocity  ratio,  reduced  pre-rotation  leads  to 
reduced  Incidence  change  due  to  distortion  and  preferred  geometries  would  have  negative  pre-rotation  at 
the  rotor.  Negative  pre-rotation  types  of  design  tend  however  to  have  a high  degree  of  reaction.  This 
may  not  be  a design  disadvantage  since  experiments  (Ref.  1)  have  indicated  that,  due  to  a combination 
of  rotational  and  viscous  effects  upon  rotor  rows,  reactions  significantly  greater  than  50%  could  be 
advantageous.  A further  result  of  negative  pre-rotation  is  that  rotor  inlet  velocities  are  Mgh  and  in 
a highly  loaded  compressor,  transonic  flows,  with  their  associated  problems,  would  be  inevitable.  Such 
a type  of  design  would  however  demand  a close  investigation  of  rotor  choking  behaviour. 

2.2  Mass  Flow  Criterion 

It  is  often  convenient  to  determine  the  design  mass  flow  of  a compressor  by  choking  the  first  stage 
rotor.  The  choking  mass  flow  through  a rotor  element  is  given  (Ref;  2)  by; 
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»»nd  is  a Mach  number  based  upon  blade  speed  and  stagnation  inlet  temperature. 


Equation  (6)  holds  for  any  geometry  of  rotor  blade.  Considering  for  example  a rotor  cascade  of 
infinitely  thin,  flat  plate  aerofoils,  the  throat  area  Ath  is  related  to  the  elemental  inlet  area  Aj 
through  the  stagger  angle  X by  the  equation: 

Ath  ° A1  Cos  x (I 


For  this  cascade  geometry  the  choking  mass  flow  per  unit  frontal  area  of  the  flow  is  given  (from 
equation  (6))  by: 


The  relationship  is  plotted  in  fig.  6 for  a range  of  blade  speed  mach  numbers  and  stagger  angles. 


As  the  blade  speed  is  increased,  it  is  seen  that  there  is  a general  increase  in  the  level  of  the 
choking  mass  flow,  the  effect  being  most  pronounced  at  low  or  negative  levels  of  pre-rotation  with  which 
it  also  increases.  As  the  stagger  angle  increases  however  the  choking  mass  flow  is  progressively 
suppressed.  The  normal  rules  of  compressor  design  lead  for  optimum  incidence  to  increased  stagger  with 
reduced  or  negative  pre-rotation  and,  slnco  the  choking  mass  flow  parameter  is  normally  stipulated 
in  a design,  this  fixes  the  lower  limit  to  which  pre-rotation  may  be  decreased.' 


2.3  Time  Rate  of  Incidence  Change 

't  has  been  observed  expe Hawn  tally  (Ref;  3)  that  the  reaction  of  rotor  blades  to  circumferential 
di  to  ion  is  dependent  upon  the  time  rate  of  change  of  incidence  as  the  rotor  blade  enters  a distorted 
region.  Higher  time  ra'es  of  incidence  change  tend  to  have  a sore  powerfully  de-stabi lining  effect  upon 
the  rotor  areodynamies  (Ref;  3)  and  have  led  (Ref;  4)  to  a distortion  criterion^  . similar  to  the 
reduced  frequency  parameter.  u 


The  effect  o*  time  rate  of  change  of  Incidence  may  be  examined  mathematically  by  differentiating 
equation  (5)  with  respect  to  t 


JL  (Ai)  = JL 

dt  dt 


dy 


tan 


-1 


<f>  A<t> 


(<t>  - A$)  {<)>2+0-t}2}  + A0  (1-t) 


(8) 


Now  U - ^ Is  the  blade  speed 


and  JXil  = , the  time  dependent  effect  of  a rotor  blade  through  the  shear  flow  at  the 

dt  dt 


entry  to  a circumferential  distortion.  We  may,  from  equation  (8)  obtain 


d1d  _ Ud(A<f>)  . 02  * (1-t)2 

dt  dy  Adi2  + (<l>2  + (1-t)2  - Ai ft  (ft2  -t(I-t))  }2 

ft 

Where  = - ?Caxd  = ?.  the  vorticity  in  the  inlet  flow, 

dy  3y 

The  parameter  1_ . lid  is  plotted  as  a function  of  the  distortion  intensity  factor  -i 

; dt 


and  the  pre-rotation  level  x over  a range  of  axial  velocity  ratios  $ in  fig-  7. 


It  is  observed  that  at  higher  levels  of  axial  velocity  ratio  this  parameter  is  reduced,  suggesting 

a better  stability  at  high  mass  flow  levels.  In  general,  this  term  is  also  reduced  both  with  reduction 

of  distortion  intensity  and  pre-rotation.  For  any  distortion  intensity  encountered  then  an  improved 

stab  . 1 ty  might  be  found  with  designs  of  low  or  negative  pre-rotaticn.  The  inversion  noted  at  low  values 

of  axial  velocity  ratio  and  positive  pre-rotation  is  a consequence  of  the  form  that  the  parameter 

JL. . takes.  In  physical  terms  it  may  be  understood  that  increased  vc.'ticity  c in  a flow  is  likely 
f,  dt 


to  add  to  increased  time  rate  of  change  of  inciderv.e 


2.4  Application 

Should  a compressor  installation  have  the  potential  for  provoking  a circumferential  distortion,  figs: 
5,6,  and  7 may  be  used  to  establish  design  criteria  whereby  the  effects  of  the  distortion  on  performance 
may  be  reduced. 


Fig  5 may  be  used  as  a feature  in  a compressor  design  method  and  fig.  6 would,  in  conjunction, 
indicate  the  minimum  level  of  pre-rotation  permissible.  With  appropriate  modification  of  equation  (7)  a 
modified  form  of  fig.  6 would  yield  limiting  data  for  any  geometry  of  blade.  From  fig.  5 low  values  of 
axial  velocity  ratio  and  low  or  negative  values  of  pre-rotation  are  found  to  be  desirable  characteristics 
in  designing  for  low  distortion  sensitivity. 


The  conclusions  gained  from  the  data  of  fig.  7 are,  to  some  extent,  at  variance  with  those  of  tig.  $. 
In  order  to  reduee X . a high  axial  velocity  ratio  is  desirable  whereas  reduced  Ai  calls  for  a low 
value  of  axial  velocity  ratio.  It  is  seen  however  that  negative  pre-rotation  reduces  the  level  cf 
4-  dj^d  , re-inforeing  the  criterion  established  in  section  2.1  where  negative  pre-rotation  reduce:  tbd 
change  of  incidence  Ai  . 


The  comparative  importance  of  the  Ai<j  term  and  thej.  term  is  not  yet  quantifiable  since  little 
is  known  of  the  effects  upon  cascade  performance  of  time'rate  of  change  of  incidence.  Certainly,  although 
the  effects  of  circumferential  distortion  may  be  reduced  by  including  this  feature  in  a design  method, 
they  cannot  be  eliminated  entirely. 


For  a known  compressor  grometry,  assuming  quasi-steady  response  of  the  rotor,  fig. 5 may  be  used  to 
assess  the  effect  of  distortion  on  compressor  performance.  With  an  eventual  knowledge  of  unsteady  response 
characteristics  of  rotors,  the  method  may  be  used  with  more  confidence.  Fig.  5 may  also  be  used  to  assess 
the  relative  sensitivities  of  different  compressors  to  distortion. 


3.0  VARIABLE  GEOMETRY  CONSIDERATIONS 

3. 1 Transverse  Gust  Elimination 

One  component  of  the  change  of  rotor  incident  velocity  due  to  a circumferential  distortion  is  the 
transverse  gust  analysed  by  Sears  (Ref:  5)  and  this  may  be  related  to  a change  of  lift.  It  is  an 
elimination  of  the  transverse  gust,  and  hence  the  associated  change  of  lift,  that  is  proposed  here.  This 
involves  selective  re-staggering  of  the  inlet  guide-vanes  in  the  region  of  the  known  circumferential 
distortion  in  order  that  the  rotor  inlet  flow  angle  3 remains  constant  (fig.  2) 

Considering  the  velocity  triangle  in  fig  2. 

tana  - the  design  condition,  holds.  (10) 

When  subjected  to  a disturbance  of  magnitude  &<t>  however,  maintenance  of  constant  3 is  obtained  by 
a new  guide  vane  exit  angle  given  by: 
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(p  “ A<|> 

t + At 


and  a change  of  pre-rotation  given  by: 
At  - (1-t) 

‘P 


(ID 


(12) 


The  change  of  guide  vane  exit  angle  Aa  is  obtained  from 

tan  a - tana. 

tan  (a  - a.)  = - — 9 

d 1 ♦ tana  tano^ 


tanAa 


03) 


Substituting  from  equations  (10),  (11)  and  (12)  into  (13)  the  change  of  guide  vane  exit  angle  is 
resolved  in  terms  of  the  mass  flow  coefficient,  the  pre-rotation  and  the  distortion  intensity  factor  M 


Aa  * tan 
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This  relationship  is  plotted  in  fig.  8. 

As  may  be  anticipated,  snail  disturbances  need  only  small  corrective  angles  to  the  inlet  guide  vanes 
though  this  increases  with  reducing  level  of  mass  flow  coefficient.  The  maximum  correction  is  needed  for 
designs  in  the  range  of  pre-rotation  from  0 > x > -0.2  depending  upon  the  distortion  intensity  encountered. 

It  may  be  noted  that  the  inlet  guide  vane  reset  is  always  to  increase  the  pre-rotation,  so  that  the 
reset  of  individual  guide  vanes  by  this  method  is  akin  to  the  operation  of  a row  of  variable  inlet  guide 
vanes  under  part  speed  performance.  It  may  also  be  noted  that  this  correction  calls  for  guide  vane 
rotation  to  reduce  distortion  effect  opposite  in  sense  to  that  proposed  in  the  design  method  (section 
2.1). 


in  particularly  adverse  conditions  of  low  axial  velocity  ratio  and  high  distortion  intensity, 
correction  angles  are  prohibitively  high  and  are  not  likely  to  be  obtained  in  practice. 


3.2  Longitudinal  Gust  Elimination 
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A second  effect  of  the  change  of  Incident  flow  that  results  from  a distortion  is  a change  In  the  level 
of  the  chordwise  component  of  incident  velocity.  Horlock  (Ref:6)  has  investigated  this  theoretically  and 
shown  that  under  certain  circumstances,  the  change  of  lift  on  an  aerofoil  due  to  a chordwise  gust  may  be 
of  the  same  order  as  that  due  to  a transverse  gust. 

The  elimination  of  the  chordwise  gust  component  in  a distortion  may  be  achieved  by  a selective 
restaggering  of  the  inlet  guide  vanes  in  the  region  of  a distortion  to  maintain  the  chordwise  component 
of  velocity  constant.  From  fig.  3 it  is  seen  that  this  involves  a change  of  guide  vane  exit 
angle  (c^-a)  to  produce  a change  of  blade  inlet  angle  (6  -6^).  The  resulting  change  of  pre-rotation 
becomes : 

At  = 

1 - T 


yielding  a guide  vane  re-staggering  of 


Aad  = tan 


•1  ( U2  - t ( 1 - t)}  | 

\ (1  * -c ) (4>2  + I2)  * <t>  y 


The  required  change  of  angle  Au  is  plotted  for  various  axial  velocity  ratios  $ in  terms  of  the 
pre-rotation  x and  distortion  intensity  factor  A$  in  fig.  9. 

V 

At  low  values  of  axial  velocity  ratio,  fig.  9 indicates  a design  geometry  for  which  no  correction  of 
stagger  angle  is  needed  virtually  irrespective  of  the  distortion  intensity  factor  This  occurs  when 

<t> 

the  guide  vane  exit  flow  and  the  rotor  relative  velocity  are  perpendicular  so  that  the  Au  effect  is 
minimal. 


3.3  Suppresion  of  Both  Compoents  of  Distortion 

When  a rotor  is  subjected  to  a circumferential  pressure  distortion  there  are  two  effects  upon  the 
lift;  that  ( AL^)  due  to  increase  of  incidence,  the  transverse  gust,  and  that  (Alt)  due  to  the  reduction 
in  the  chordwise  component  of  velocity,  the  chordwise  gust. 

Sections  3.1  and  3.2  present  criteria  by  which  the  transverse  gust  effect  ALt  may  be  eliminated 
through  preferential  re-staggering  of  the  guide  vanes  in  the  region  of  a known,  steady  and  quantifiable 
distortion.  In  each  case  however,  the  elimination  of  one  component  of  incremental  lift  enchances  the 
other.  In  this  section,  based  on  the  unsteady  thin  aerofoil  theories  of  Sears  (Ref;  5)  and  Horlock 
(Ref;  6)  a design  criterionis  presented  by  which  the  resultant  component  of  the  fluctuating  lift  may  be 
minimised.  When  quasi-steady  flow  is  assumed,  a simple  practical  design  criterionis  obtained. 
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The  disturbance  In  the  Inlet  flow  ahead  of  the  guide  vanes  may  be  expressed  by  the  Fourier  series: 
A$=^A4on  Sin  (2n  ny/i)  ()4 

n 

Uhere  t is  the  width  of  the  disturbance  measured  in  the  circumferential  direction  y. 


Assuming  no  change  in  the  deviation 
a chordwise  and  transverse  components  of 


from  the  inlet  guide  vanes, 
disturbance  given  from  fig. 


the  inlet  disturbance  A$  results 
(4)  b,y:- 


in 


AU  a •' COS(0  ♦ 0_) 

6 Sin*  0 


AV» 


ail 

si  Hu 


sin(a  ♦ aj 


Considering  the  n^  terra  of  the  Fourier  series,  the  disturbance  components  are  given  by:- 


Aucn  E A*on  cosBra  <cota  ’ tanfW  e 


Jvt 


(15) 


AVtn  = A^nn  cosflm  0 + cot.  « cotBm)  e' 


jvt 


ron  ‘m 


(16) 


The  non-dimensional  inlet  relative  velocity  is  obtained  from  fig  (4)  as : - 

U s ] 

sinem  (cota  + cotti^  ) 

Taking  equations  (16)  and  (17)  into  consideration,  the  transverse  component  of  the  lift 
fluctuation  is  given  by:- 


tn  - 2"pU  A*oncot0m 


1 ♦ cota  tanflm  i t 
eJvt  S(.,) 


cota  ♦ cotB 

m 

• 

which  reduces  to 

ALtn  ° 2irplj2  A*on  °jVt  S(«) 

where  S(«)  is  Sears  function  (Ref.  5) 

v = 2itUn /l  is  the  frequency 
2nn 

and  u = sin3m  (cotu  + cot8m)  Is  the  reduced  frequency. 


(17) 


(18) 


The  chordwise  component  of  lift  fluctuation  is  obtained  from  Ref.  (6)  and  equations  (15)  and  (17) 
giving:- 

cota  - cotft- 


ALcn  = 2ttPU2  A^  cot6m 


cota  ♦ cot6, 


-2!-  e^1  i T(W) 


ra 


Which  reduces  to:- 


“■C,  • ***  «»  ‘M  1 { ^ ■ * } T|"> 


Where  T(u)  is  a function  defineJ  by  Horlock  (Ref.  6) 


(19) 


Since  Sears  and  Horlock's  solutions  are  linearised,  the  resultant  fluctuating  lift  component  is 
obtained  by  superimposing  equations  (18)  and  (19)  yielding 


AL 


2t.pU2  A$on  ej>Jt 


2 (u>  • i ,4  ,t  ) 


Where 

i (w.i.O.i)  * S{w)  - 1 A T(u) 

Ml  * O 


and  A (q,t)  » a - 


(20) 

(21) 

(22) 


The  function  £ (w.i.o.t)  reduces  to  Horlock  function  H (w.1,$)  of  Ref.  (6)  when  » * 0 . This  function 
is  plotted  in  fig.  (10)  for  various  values  of  1A  and  a range  of  reduced  frequencies  from  0 to  5.0  . The 
function  A is  plotted  in  fig.  (11)  versus  t for  different  levels  of  mass  flow  ratio  $. 


If  quasi-steady  flow  is  assumed,  u = 0,  then  $(w)  = 1 and  T(<,)  > 2.  The  fluctuating  lift  can  be 
eliminated  by  setting  £ = 0,  yielding 

iA  = 0.5  (23) 


In  this  instance  the  incidence  (angle  of  attack)  is  given  by: 
0.5  $ 

Vs  ’ ~-'t(1-0 


(24) 


where  q.s.  stands  for  quasi-steady  case. 


For  all  $ < 0.5,  when  f = t(1-t ) , infinite  incidence  is  required  to  eliminate  lift  fluctuations. 
Since  there  is  practical  upper  limit  to  the  design  incidence  and  the  mathematical  derivations  are  only 
rigorous  for  small  values  of  1,  high  values  of  A are  required  to  satisfy  equation  (23)  in  the  practical 
range.  Fig.  (12)  shows  a plot  of  equation  (24)  for  various  values  of  $.  It  can  be  seen  that  for  all  <j>, 
values  of  negative  pre-rotation  t yield  practical  values  of  1.  Only  for  high  values  of  $>1  that  values 
of  1 <40°  can  be  obtained  over  the  whole  range  of  t.  It  is,  therefore,  recommended  that  designs  with 
negative  pre-rotation  shall  be  less  sensitive  to  lift  fluctuation  and  noise.  This  Is  again  in 
agreement  with  the  results  of  section  2 which  were  obtained  by  a different  approach. 


Equation  (23)  was  derived  on  a quasi-steady  basis.  However  from  fig  (10)  it  can  be  seen  that  the 
function  E,  and  hence  4Ln,  is  minimised  when  iA  = 0.3 -0.5,  which  gives 


0.6i 


qs 


*ns  4 fqs 


(25) 


where  ns  stands  for  the  non-steady  case. 

Equation  (25)  validates  the  above  analysis  for  the  un-steady  case  as  well,  as  far  as  the  design 
trend  is  concerned. 


For  accurate  quantitative  estimates,  further  theoretical  and  experimental  investigations  are 
required. 


3.4  Application 

Fig.  13  indicates  a steady  circumferential  distortion  measured  in  the  intake  annulus  of  the  fan  for 
the  R.F.B.  Fanliner.  This  aircraft  uses  a pusher  fan  situated  immediately  downstream  of  the  wing  and 
fuselage  intersection. 

In  such  ci  resistances  it  becomes  possible  to  calculate  the  circumferential  variation  in  stagger  of 
inlet  guide  vanes  In  order  to  reduce  or  eliminate  the  fluctuating  Incremental  lift  of  the  passing  rotor 
blades.  Where  a fan  is  not  normally  fitted  with  inlet  guide  vanes,  as  with  the  R.F.B.  Fanliner, they 
could  be  fitted  locally  in  the  region  of  the  measured  wakes  (fig.  13). 

The  technique  involves  the  use  of  the  fan  or  compressor  design  parameters,  pre-rotation  t,  and  axial 
velocity  ratio  f.  The  solution,  a prediction  of  the  inlet  guide  vane  reset  4a,  depends  upon  the 
distortion  intensity  factor Fig.  8 gives  direetly  the  value  of  4a  to  eliminate  the  ehor&iise  gust 
effect  and  fig.  9 gives  the  value  to  eliminate  the  transverse  gust  effect.  Fig.  10.  11  and  12  mav  be 
used  to  obtain  the  guide  vane  setting  to  give  a nett  minimum  incremental  lift. 

3.5  limitations  of  the  Method 

It  is  assumed  that  the  flow  deviation  at  the  inlet  guide  vane  exit  remains  constant  under  all 
conditions.  In  some  eases  large  changes  in  stagger  are  needed,  with  associated  change  of  incidence 
so  in  these  cases  this  assumption  may  not  be  valid. 

In  ealeula.  ng  lift  variation  41  with  incidence  it  is  asswed  that  the  rotor  response  is  linear. 

The  model  is  the  efore  limited  to  unstalled  flow. 


Although  the  method  allows  for  the  transverse  and  chordwlse  gust  effects  In  the  flow,  no  account 
Is  taken  of  the  effect  of  vortlclty  that  will  also  be  encountered.  In  section  2.3  an  Indication  Is  given 
of  how  a design  may  accomodate  to  some  extent  this  effect,  but  the  relative  Importance  of  the  shear  flow 
term  is  not  yet  understood.  It  Is  known  that  a shear  flow  term  has  a marked  effect  upon  an 

Isolated  stationary  areofoll  (Ref;  7). 

For  a rotor  this  term  Is  closely  related  to  the  term  (equation  9)  and  Is  likely  to  affect  the  lift 
finally  developed.  This  Is  the  subject  of  theoretical  and  experimental  research  progranmes  in  progress 
at  Cranfleld. 

The  method  as  proposed  takes  no  account  of  unsteady  flow  effects  and  It  has  been  observed  that, 
particularly  in  the  presence  of  large  scale  disturbances,  these  can  be  significant  (Ref.  3). 

4.0  CONCLUSIONS 

Two  methods  are  presented  in  which  an  account  may  be  taken  of  a quantifiable  pressure  distortion  In 
a known  location.  In  both  methods,  the  design  parameters,  pre-rotation  t,  axial  velocity  $ and  the 
off-design  parameter,  the  distortion  Intensity  factor  — ~ , are  needed. 

Using  the  first  method,  a reduction  in  distortion  sensitivity  can  be  accomplished  by  an  appropriate 
choice  of  pre-rotation  (or  inlet  guide  vane  stagger)  and  axial  velocity  ratio.  These  data  may  also  be 
used  to  assess  performance  change  of  a rotor  row  of  known  geomtry  and  response. 

The  second  method  Involves  selective  re-staggering  of  inlet  guide  vanes  in  the  annulus  sector 
affected  by  a distortion.  The  transverse  gust  effect,  or  the  longitudinal  gust  effect,  or  the  combined 
effect  of  both  can  be  reduced  depending  upon  the  degree  of  re-staggering  employed.  The  method  does  not 
however  account  for  the  vortlclty  effects  present  in  the  flow. 
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FIG.  1 PERTURBATION  OF  A ROTOR  INLET  VELOCITY 
TRIANGLE  WITH  A DISTORTED  FLOW 


FIG.  2 EFFECT  OF  RESTAGGERING  INLET  GUIDE  VANE 
TO  ELIMINATE  TRANSVERSE  GUST  EFFECT 


>; 


FIG.  3 EFFECT  OF  RESTAGGERING  INLET  GUIDE  VANE 
TO  ELIMINATE  CKORDWISE  GUST  EFFECT 


FIG.  4 ROTOR  OF  FLAT  PLATES  MOVING  THROUGH 
DISTURBANCE  IN  INLET  aOW  AHEAD  Of 
INLET  GUIDE  VANE 


DISCUSSION 


H.Grieb 

In  you  paper  the  local  flow  distortion  is  defined  as  the  local  change  of  the  flow  coefficient.  There  are  two  types  of 
flow  distortions 

distortions  due  to  local  stagnation  pressure  losses  ahead  of  the  compressor 
distortion  due  to  curved  duct  walls  ahead  of  the  compressor. 

Does  the  theory  presented  hold  for  both  types  of  distortions? 

Author's  Reply 

It  will  hold  for  both  types  of  distortion  providing  they  are  sensed  purely  in  the  circumferential  direction.  If  there- 
fore one  had  a non-axisymmctric  intake  for  a gas  turbine  engine  which  gave  a distortion  around  the  annulus  one 
could  design  for  ttiat  feature.  If  one  had  a stagnation  pressure  deficit  which  could  have  been  introduced  by  an  up- 
stream strut  or  perhaps  by  a high  turning  manoeuvre  creating  distortion  in  the  inlet,  one  can  design  for  that  as  well. 
The  main  restriction  however  is  that  we  are  speaking  of  distortions  which  will  vary  only  slowly  with  time,  and  per- 
haps I should  have  mentioned  this  because  1 may  have  inadvertently  mislead  you.  When  I speak  of  the  unsteady  in- 
cidence as  quasi  steady,  I am  not  suggesting  that  the  blades  are  actually  moving  in  an  angular  manner.  The  blades  arc 
set  at  that  incidence  to  take  account  of  unsteady  flow  at  entry. 


J.Kurzak 

Do  you  need  a variable  guide  vane  for  all  stages  of  the  compressor  if  you  get  a multistage  compressor?  If  we  do 
have,  say,  a fwo-compressor  engine,  and  you  say  that  you  keep  the  lift  coefficient  constant  over  the  compressor  you 
probably  do  not  attenuate  the  distortion.  You  are  carrying  it  through  the  first  compressor  and  give  it  to  the  next 
one  and  have  the  problem  there. 

Author's  Reply 

The  type  of  solution  I have  been  speaking  of  is  probably  best  applying  to  a single  stage  fan.  In  the  case  of  the  multi- 
stage compressor  one  could  in  fact  seek  for  two  types  of  solution.  Tile  one  that  we  proposed  here  which  will  then 
maintain  the  distortion  through  the  machine  and  would  need  to  have  variable  stages  down  through  the  machine  to 
accommodate  this.  Alternatively,  one  could  carry  out  a slightly  different  type  of  analysis,  where  instead  of  mini- 
mizing on  the  fluctuating  lift,  one  in  fact  would  maximize  on  the  fluctuating  lift  to  attenuate  the  distortion  by  the 
second  stage  of  the  machine.  If  one  goes  for  that  type  of  solution  one  has  the  problem  both  of  the  fatigue  iife  of  the 
blade  which  is  involved  in  the  large  perturbation  and  of  the  noise  which  is  provoked.  I am  afraid  that  in  the  multi- 
stage application  we  are  in  a cleft  stick  and  we  can  either  go  to  the  type  of  solution  which  we  propose  and  which  as  1 
said  is  mainly  applicable  to  the  single  stage  or  the  latter  solution  which  calls  for  very  robust  blades. 
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SUMMARY 

With  high  performance  axial  flow  compressors  of  the  type  being  developed  today, 
there  is  a positive  requirement  for  variable  geometry.  The  amount  of  variable  geometry 
required  in  terms  of  the  number  of  variable  stators  rows,  the  stator  travel  and  rate  of 
travel  are  all  important  parameters.  The  effects  of  these  parameters  on  compressor 
performance  can  be  predicted  and  optimised  using  the  "stage  stacking"  method  of  analysis. 
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total  temperature 

static  temperature 
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rotor  entry 
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stator  entry 
stator  exit 
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stator 
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INTRODUCTION 

The  type  of  compressor  being  developed  today  for  the  high  bypass  ratio  low  specific 
fuel  consumption  engine  calls  for  a high  degree  of  technology. 

The  implications  of  achieving  a low  weight,  low  fuel  consumption  and  high  thrust  on 
the  high  pressure  compressor  is  to  increase  the  aerodynamic  loading,  i.e.  maximum 
pressure  ratio  with  the  minimum  number  of  stages.  This  cannot  be  achieved  without  a 
penalty.  If  we  examine  Fig.  1,  which  is  a typical  overall  characteristic  obtained  from 
a high  pressure  ratio,  high  loading  axial  flow  compressor,  wo  can  see  that  off  design 
performance  is  severely  restricted. 

The  part  speed  performance  of  the  compressor  is  degraded  by  the  effect  of  rotating 
stall  and  thus,  the  restaggering  of  stator  blades  to  reduce  the  stall  region  will  improve 
the  performance.  Having  defined  a requirement  for  variable  geometry  stators,  we  now 
need  a method  to  predict  their  effect  on  the  compressor  performance  map.  The  problem 
arises  now  of  what  variable  geometry  to  incorporate  into  the  compressor  since  there  are 
several  parameters  which  have  to  be  decided.  These  arej- 

1)  The  number  of  variable  stator  rows. 

2)  The  angular  movement  of  each  variable  stator  row  and  the 
relation  to  the  movement  of  other  variable  stators. 
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3)  The  rate  of  blade  movement,  i.e.  the  compressor  speed 
range  over  which  movement  of  the  stator  blades  is 
required. 

Initially,  we  need  a method  to  accurately  simulate  the  part  speed  performance  of 
the  compressor.  Then  we  need  to  determine  the  effects  of  variable  geometry  stators  and 
to  optimise  the  variable  geometry  to  give  the  best  possible  starting  characteristics 
and  an  adequate  surge  margin  to  cater  for  engine  acceleration  conditions. 

In  recent  studies  by  Rolls-Royce  (1971)  Ltd.,  it  has  been  found  possible  to  satisfy 
these  requirements  by  adopting  a method  of  compressor  analysis  based  on  stage  stacking, 
i.e.  a method  whereby  individual  stage  performance  is  derived  and  then  all  the  stages 
"stacked"  together  to  give  an  overall  performance. 

Details  of  the  work  carried  out  at  Rolls-Royce  and  the  main  points  of  the  stage 
stacking  program  used  are  included  in  the  following  text.  Basic  equations  are  included 
in  Appendix  1. 

BACKGROUND 

These  problems  became  evident  at  Rolls-Royce  several  years  ago.  A programme  had  been 
set  up  to  develop  a high  pressure  ratio,  high  loading  social  flow  compressor . A rig  had 
been  built  with  a design  target  of  achieving  a 16:1  pressure  ratio  in  9 stages.  To 
reduce  costs,  the  rig  utilised  adjustable  vanes  for  each  stator  row  as  opposed  to  variable 
vanes.  With  the  vanes  set  at  their  nominal  design  angles,  a characteristic  as  shown  in 
Fig.  1 was  achieved. 

The  need  for  variable  geometry  was  evident,  and  in  an  attempt  to  determine  the  best 
variable  geometry  system,  a ‘stage  stacking*  computer  simulation  of  the  compressor  was 
attempted. 

A successful  simulation  of  the  compressor  was  obtained  in  as  much  as  a reproduction 
of  the  test  characteristic  was  achieved. 

The  stage  stacking  program  was  then  used  to  determine  the  schedule  for  the  variable 
geometry  stators  which  solved  the  part  speed  performance  problems  and  eliminated  the 
rotating  stall.  It  was  found  that  increasing  the  number  of  variable  stages  improved  the 
part  speed  performance.  The  final  number  of  variable  stages  was  decided  by  offsetting 
the  effectiveness  of  additional  stages  against  the  increased  manufacturing  costs. 

The  scheduling  finally  selected  is  shown  in  Fig.  2 and  the  characteristic  determined 
by  this  schedule  is  shown  in  Fig.  3.  The  rig  compressor  was  later  modified  to  include 
variable  geometry  to  this  standard  and  the  test  results  achieved  are  shown  compared  to 
the  prediction  in  Fig.  3. 

Since  this  work  was  started,  it  was  decided  to  use  this  compressor  with  the  first 
stage  removed  as  the  core  compressor  for  the  RB.401  engine.  A characteristic  for  this 
compressor  was  predicted  using  the  stage  stacking  analysis  and  the  variable  geometry 
optimised. 

Modifications  to  the  compressor  to  achieve  the  required  s urge  margins  were  recommended 
based  on  the  stage  stacking  analysis*  These  modifications  have  recently  been  incorporated 
into  the  rig  compressor.  Rig  results  and  engine  running  to  date  indicates  that  the 
compressor  behaviour  is  as  prediction. 

Recently,  stage  stacking  predictions  have  been  made  which  show  a potential  use  for 
this  compressor  in  other  engine  cycles.  Modifications  of  the  variable  geometry  schedule 
can  be  used  to  alter  the  speed/flow  relationship  at  high  compressor  speeds. 

The  stage  stacking  program  utilises  the  compressor  geometric  parameters  from  the 
design  data,  and  blade  row  loss  coefficients  determined  from  test  data. 

The  use  of  the  program  is  divided  into  two  phases :- 

1)  Achieving  a satisfactory  simulation  of  the  compressor  test  characteristic. 

2)  The  use  of  this  simulation  to  predict  the  effect  of  mechanical  changes. 

The  program  calculates  overall  compressor  performance  for  various  air  mass  flow  and 
compressor  speed  relationships.  Individual  stage  performance  is  also  calculated.  The 
modifications  which  can  be  made  to  the  compressor  are:- 

1)  The  effect  of  variable  geometry  stators  on  any  stage  can  be  determined. 

2)  The  effect  of  recambering  or  restaggering  of  blades  can  be  determined. 

3)  The  centrifugal  twist  on  rotor  blades  can  be  simulated. 

4)  The  effect  of  air  bleeds  on  compressor  performance  can  be  simulated.  Bleed  off-takes 

at  rotor  or  stator  exits  can  be  accommodated. 


UTILISATION  OF  PROGRAM 


The  program  input  consists  of  the  compressor  geometry,  i.e.  annulus  dimensions,  mean 
diameter  blade  data,  design  air  angles  and  efficiencies  and  blade  row  loss /incidence 
curves  obtained  from  compressor  test* 

The  calculation  of  the  loss  incidence  values  is  detailed  in  Appendix  1*  As  can  be 
seen  from  this,  the  calculation  of  these  parameters  from  test  data  is  dependant  on  the 
values  of  (AO  and  0^2*  Standard  practice  is  to  use  design  values  for  the  reduction  of 
the  loss  incidence  relationship. 

Thus,  unless  the  compressor  operates  in  the  exact  manner  in  which  it  was  designed, 
these  values  are  incorrect.  Certainly  in  off  design  cases,  where  there  will  be  changes 
in  blade  deviation  thus  causing  changes  in  (/,  o ar“d  0(2 , these  values  are  incorrect. 

As  a result,  it  has  been  found  impossible  to  utilise  the  loss  incidence  curves 
directly  since  the  measured  loss  curves  are  misaligned  with  regard  to  both  loss  and 
incidence.  Hence,  beiore  an  accurate  simulation  of  the  compressor  characteristic 
can  be  obtained,  the  loss  curves  have  to  be  aligned  correctly. 

Initially,  a point  is  chosen  from  the  test  characteristic  on  which  the  loss  curves 
are  to  be  aligned.  This  point  is  best  chos an  as  close  to  the  design  point  as  is  possible, 
preferably  a point  on  a constant  speed  lino  where  the  efficiency  is  at  a peak.  This  is 
designated  the  'alignment  point*.  The  alignment  mass  flow,  pressure  ratio  and  speed  are 
used  as  inputs  to  the  program. 

The  point  corresponding  to  this  alignment  point  on  each  of  the  loss/incidence  curves 
is  noted  and  an  alignment  incidence  is  determined  for  rotors  and  stators  as  shown  in 
Fig.  4.  This  alignment  incidence  is  determined  for  all  stages  through  the  compressor 
and  is  used  as  an  input  to  the  program. 

All  program  calculations  are  performed  at  passage  mid  height. 

A continuity  calculation  into  the  first  rotor  yields  an  incidence  at  the  alignment 
point  (using  the  flow  and  speed  from  the  alignment).  This  incidence  should  equal  the 
incidence  specified  on  the  first  rotor  loss  curve,  but  is  not  generally  the  case  due 
to  the  misalignment  of  these  curves- 

The  program  now  modifies  the  loss/incider.ce  curve  for  the  first  rotor.  The  loss 
curve  is  moved  with  respect  to  incidence  such  that  the  loss  specified  by  the  alignment 
point  incidence  lies  over  the  incidence  calculated  from  the  continuity  equation. 

The  continuity  calculation  at  the  inlet  to  the  first  stator  yields  stator  incidence. 

The  first  rotor  loss  curve  is  now  moved  vertically  to  achieve  the  rotor  efficiency  and 
the  stator  loss  curve  moved  horizontally  to  align  with  the  incidence  calculated. 

A continuity  calculation  at  the  second  rotor  inlet  plane  yields  the  second  rotor 
incidence.  Using  the  stage  efficiency,  the  stator  loss  curve  is  aligned  vertically. 

The  second  rotor  loss  curve  can  now  be  aligned  horizontally. 

This  process  is  repeated  until  all  the  loss  curves  have  been  aligned.  The  gas  angles, 
o(  o and  (X 2,  used  in  the  alignment  process  are  those  input  which  are  usually  design  values. 
As  we  have  already  noted,  these  angles  may  not  be  those  at  which  the  compressor  operates. 
Thus  a further  operation  is  necessary.  The  pressure  ratio  calculated  by  this  process  is 
now  compared  to  that  specified  in  the  input  data  and  if  there  is  a discrepancy,  the  Ct.  o 
and  0(  2 values  are  modified  by  a fixed  increment  urtil  the  correct  alignment  pressure  ratio 
is  achieved. 

PROGRAM  FEATURES 

The  program  contains  the  following  features 

1)  Variable  geometry  may  be  specified.  This  is  achieved  by  specifying  a constant  for 
each  variable  blade  row  and  a graph  of  variable  geometry. 

A constant  is  input  for  each  blade  row.  If  this  constant  is  zero  there  is  no  variable 
geometry  for  that  blade  row.  The  alternative  to  zero  is  a number  corresponding  to  the 
angular  movement  in  degrees  required  for  that  blade  row.  A graph  is  specified  of 
A (,-$)/ A(-o)  against  compressor  speed  where 

is  the  constant  input  for  each  blade  row 
A(-tf)  is  the  required  restagger. 

The  value  of  interpolated  at  the  compressor  speed  specified  is  multiplied 

by  the  constant  to  achieve  the  required  restagger. 

For  example,  if  the  following  constants  are  input  to  the  programs- 
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= 40 
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the  first  stator 
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the  second  stator 

= 10 
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and  the  following  graph  used, 


the  implied  schedule  will  bet- 


2)  Bleeds  taken  from  the  compressor  are  allowed  for  by  including  a flow  factor  in  the 
input  data  for  each  stage,  where 

Ff  = Mass  flow  entering  rotor 

Mass  flow  entering  compressor 

for  Ff  positive.  If  Fy  negative  then 

-FF  = Mass  flow  entering  stator 

Mass  flow  entering  compressor 

3)  Splitting  of  the  loss  coefficient  curves  can  be  simulated  by  means  of  a graph  of 

to<or/<t}  versus  blade  inlet  Mach  number  for  each  loss  curve.  Input  to  the  program 

for  each  blade  row  is  a Mach  number  graph  indicator,  this  being  1 or  O.  1 indicated 
that  a Mach  number Aoss  correction  graph  is  required  for  that  blade  row. 

LJcor  is  the  corrected  loss  coefficient. 

U>  is  the  loss  coefficient  interpolated  from  the 
aligned  loss  curves. 

Thus  to  achieve  a split  characteristic,  the  loss  coefficient  interpolated  from  the 
aligned  loss  curve  is  multiplied  by  to  interpolated  from  the  specified  curve 

using  inlet  Mach  number. 

4)  At  points  other  than  the  alignment  point  the  blade  outlet  air  angles  are  modified  by 
using  a graph  which  modifies  the  blade  deviation.  This  graph  is  of  the  fora 

_ ^ versus  ^ ~ 

£et  £ol 

This  correlation  is  derived  from  data  presented  by  Howell,  ref.  1.  Modification  of 
this  curve  is  possible.  It  has  been  found  from  analysis  on  several  compressors  that 
different  curves  for  off  design  deviation  are  required  to  achieve  an  accurate 
alignment.  Typical  curves  are  shown  in  fig.  5. 

5)  For  all  points  calculated  in  the  program,  a function  is  determined  for  each  stage, 
where  FQ  is  a stage  pressure  rise  coefficient  parameter.  See  Appendix  1. 

For  a given  compressor  stage  at  a given  compressor  rpm  the  peak  value  of  the  pressure 
rise  coefficient  is  designated  the  point  at  which  the  stage  stalls.  By  overlaying 
stage  stall  lines  on  the  compressor  characteristic,  a prediction  of  the  surge  line  can 
be  made.  An  example  of  this  is  shown  in  Fig.  6. 

6)  A plotting  routine  is  available  to  plot  the  aligned  loss  coefficients,  pressure  rise 
coefficients  and  the  overall  characteristics. 
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APPENDIX  1 
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Repeat  for  each  stage 

Pressure  Ratio  = Rl  (last  staged 
pm ' (first  stage) 


Cheek:  Pressure  Ratio  compared  to  Alignment  Pressure  Ratio 

0(  0 ****  0(2  modified  to  give  Al.  Pressure  Ratio. 


The  following  calculations  are  then  performed  for  each  stage: 
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Thus  rotor  loss  curve  Aligned 
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After  alignment,  for  other  points,  the  calculations  are  repeated  with  (Of  and 
derived  from  loss  curves  input* 


DISCUSSION 


H.Ahicndt 

Referring  to  figure  3 your  plotted  predicted  surge  line  is  identical  with  the  tig  characteristic.  Did  you  actually 
measure  the  compressor  surge  line?  for  me,  there  is  a surprising  good  correspondence  between  predicted  and 
measured  data. 

Author’s  Reply 

Yes,  we  did.  At  each  speed  we  measured  the  flow  and  the  pressure  ratio  and  took  that  out  to  the  surge  point.  We 
measured  that  on  test. 


II.Grieb 

In  the  performance  map  on  figure  3 the  line  of  optimum  efficiencies  lies  rather  close  to  tlte  surge  line.  My  questions 
arc: 

Would  you  fear  engine  stability  problems  in  the  case  of  a turbofan  due  to  the  moderate  level  of  surge  margin,  if 
you  set  the  working  line  close  to  optimum  efficiencies? 

Did  you  make  an  attempt  to  increase  the  distance  between  surge  tine  and  optimum  efficiency  line,  for  example, 
by  the  introduction  of  a further  row  of  variable  stators? 

Author’s  Reply 

1 don’t  really  think  it  is  necessary  for  engine  stability  to  have  a large  separation  between  surge  line  and  optimum 
efficicnccs.  But  having  said  that  we  did  in  fact  do  some  work  on  the  compressor  and  attempted  to  move  the  surge 
tine  further  away  from  the  peak  efficiency.  In  doing  this  work  we  utilised  this  programme  to  try  to  determine  what 
blades  changes  were  needed  in  the  compressor  to  achieve  this  end.  Later  test  results  have  shown  that  this  was 
successful. 


II.Grieb 

Could  you  imagine  that  you  would  have  a good  chance  for  a progress  in  achieving  more  distance  between  optimum 
efficiencies  and  surge  line  when  applying  more  variable  stators? 


Author's  Reply 

No,  l don’t  tlunk  you  would  have  needed  more  variable  stators.  If  you  look  at  the  way  we  put  the  variable  stators 
in  (see  l'ig.2)  you  will  see  that  at  the  100%  point  we  have  no  variable  geometry.  They  are  all  at  their  design  con- 
ditions. The  variable  geometry  we  have  put  is  nor  going  to  affect  the  distance  of  peak  efficiencies  and  surge  line. 

M.Giraud 

Dans  votre  expose  il  est  fait  mention  d’un  compresseur  a trois  grilles  d’aubes  variables.  La  premiere  grille  (l.G.V.)  a 
un  calage  de  60°  (voir  l'ig.2).  Ne  penser-vous pas  que  celte  valeur  est  excessive  el  p»*ut  entralner  des  decollements 
sur  t’aubage  l G V qui  peuvent  annular  I’effet  de  pre  rotation  de  I’ecoulement.  Quelle  est,  a votre  avis,  la  limite 
pratique  de  cet  angle  de  giratiou? 

Author’s  Reply 

Well,  this  is  true.  By  adapting  vefy  high  changes  of  twirl,  that  is  very  high  movements  of  the  inlet  guide  vane,  we 
did  in  fact  create  problems  for  ourselves  because  of  incidence  range  and  such  like.  Wc,  in  fact,  designed  this  blede 
row  to  have  its  optimum  incidence  at  a noint  below  the  100%  design  conditions  for  the  compressor.  By  this,  we 
preserved  reasonable  working  down  to  a fairly  tow  rptu  and  did  not  significantly  compromise  the  blade  load  at  the 
100%. 


J.Kurrak 

Since  your  pfogranune  is  able  to  predict  the  surge  tine  very  exactly  I have  the  question.  Is  it  possible  to  predict 
surge  tor  distorted  flow  condition  and  also  the  stalling  blade  row  when  using  this  programme? 

.Author's  Reply 

I dou't  really  know.  We  have  never  attempted  to  took  at  distorted  flow  conditions.  We  have  onh  used  steady  state 
not  deformed  distributions  at  the  inlet.  It  may  be  somewhat  difficult  to  deal  with  that  as  it  is  a very  simplified 
programme  and  so  far  used  to  a nu4 -radius  calculation  only.  Our  basic  data  we  use  as  the  input  to  the  programme 
are  mid  radius  values,  therefore  we  might  only  use  a circumferential  distortion  or  even  a radial  distortion  but  it 
will  probably  be  very  difficult  to  do  so.  Although  I admit  we  have  looked  in  fact  to  tip  twist  due  to  centrifugal 
effects.  But  I think  inlet  distortion  would  be  out  of  the  scope  of  what  is  basically  a very  simple  programme. 


PREDICTION  OE  PERFORMANCES  D'UN  COMPRESSEUR  A QEOMETRIE  VARIABLE 
PAR  UN  CALCUL  DE  SIMULATION 
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RESUME 


L'affat  da  la  glomltrie  variable  aat  dtudil  numdriquaaent.  Una 
approximation  dans  l'4orltur*  das  ddrivdea  dans  la  sens  axial  parcel  da 
calculer  l'lcoulement  moyen  (uniforme  t igentielleoent ) an  rdgime  eubsonique, 
trmna  sonique  at  suparsoniqua  reversible,  en  tenant  coopta  das  partes  dues  aux 
frottemonta,  dissipation  dea  si liases,  non  adaptation  das  bords  d'attaque, 
variations  da  sections-  Las  previsions  du  ealcul  sent  coop  arias  aux  rdsultate 
axplrinantaux  obtenua  sur  un  coopreosaur  k aubas  k calage  rlglabla  k 1'axzBt 
on  rdgime  subsonique. 


O 

PREDICTION  OF  VARIABLE  GEOMETRY  COMPRESSOR  PERFORMANCES  (OFF  DESIGN) 


SUMMARY 


Effect  of  variable  geometry  is  invest  igatod  with  a numerical  method. 

V This  approach,  based  on  a simplified  way  of  writing  derivatives  with  respect  to 

;i  the  axial  direction,  allows  to  calculate  the  trough  flow  (uniform  tangentially) 

k'j  in  subsonio,  transsonic  and  supersonio  reginao,  provided  no  shock  waves  occur  in 

jj  the  calculation  planes.  The  overall  flow  analysis  takes  into  account  losses  caused 

)'  by  fluid  friction,  wake  mixing,  angle  Of  attack,  cross  section  variation.  Results 

X of  computation  are  compared  to  experimental  data  obtained  on  a low  speed  compressor 

with  variable  blade  angle  setting. 
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Coefficient  de  partes  a»coodaire«,  fonatioa 
du  rayon. 


A 

l 

K 


Chaleur  sassique  a pression  canstante. 

Rente  de  la  ligne  de  eourant  meridieane. 

Pente  du  carter  interne. 

Ponte  du  carter  externa. 

Pente  de  la  tangente  au  equelette  d'une  aube 
dans  la  plan  tangent  a uae  surface  da  courent. 
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. Rayon  du  carter  externa. 

^ Constanta  aassique  du  gas. 

^ Fraction  de  eirconfdrence  offarte  au  fluide. 

Ti  Teoperature  d'arrdi  en  axes  absolua. 

u Coaposante  radiale  de  la  vitease. 

y.  Coapesante  asisutal#  de  la  vitease  en  axes 
absolua. 

yj  Csapcaante  axiale  de  la  vitease. 

— Vitease  axiale  eoyesne  k la  traverses  d'une 
grille  sur  use  surface  de  eourast. 

if  Cseslaste  iaestrepique. 

fit  Angle  d'attaque  eaeiaal. 

fim  Angle  reel  de  sortie. 
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Perte  de  charge,  iP-  ftijA.  ir - P+  Pa 
S\  Coefficient  de  perte  de  change, 

I'it.UP/fufA.* 

t S ioeroiasenerit  d'entropie. 

P Coefficient  de  ddbit,  P*  XW  j U>K 

\ Coefficient  d'accroissement  de  pression  en 
fluide  incompressible, 

Ts  Coefficient  de  pression  statique, 

rs.i(f-P0)/fu>Y 

Lu  Vitesse  angulaire,  pour  une  grille  fixe  U)-0 
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1 - INTRODUCTION 

Les  bureaux  d' etudes  des  constructeurb  de 
moteurs  d' aviation  disposent  actuellement  de 
nombreuses  mdthodes  pour  le  ealcul  de  l'dcoulement 
h travers  les  compresseurs  et  les  turbines,  Eais 
comme  l1 a montrd  recemment  la  journde  de  confron- 
tation des  methodes  devaluation  de  performances 
organisee  par  l'AGARD  [l],  cet  calculs  ne  permettent 
pas  de  prevoir  avec  une  precision  suffisante  le 
fonctionnement  hors  adaptation  de  ces  machines  et 
notamment  leur  limite  de  ddcrochage.  La  principale 
difficulte  provient  d'une  connais3ance  insuffisante 
des  pertes,  mais  aussi  de  ce  que  les  divers 
programmes  de  calcul  sont  tual  adaptes  par  leur 
structure  mdme  A 1' amelioration  des  schdmas  prenant 
en  compte  les  irrdversibilitds. 

C'est  pourquoi  un  programme  de  calcul 
simplifid  a dtd  dtabli  a l'ONERA  en  vue  surtout  de 
permattre  la  prdvision  de  l'effet  des  modifications 
gdomdtriques  apportees  k un  compresseur  ou  A une 
turbine  lorsque  les  performances  au  point  d'adap- 
tation  sont  oonnues.  Un  tel  programme,  ddoignd  sous 
le  nom  de  "simulateur  numdrique  des  turbomachines" 
se  trouve  spdcialement  bien  adaptd  a 1' etude  des 
performances  des  compresseurs  k calage  variable, 
c'est  pourquoi  sa  prdsentation  a dtd  inoluse  dans 
ce  cycle  de  ccnfdrences  sur  les  "Turbomachines  A 
gdomdtrie  variable  et  d cycles  multiples". 


Limit d d 1' approximation  d'dooulement 
moyan  comme  la  methods  matr'cielle  [2]  et  la  mdthode 
des  courbures  [3],  le  simulateur  numdrique  prdsf ite 
l'avantage  sur  le  schema  plus  ancien  de  I'actuateur 
[4]  de  considdrer  suocessivement  les  plans  d'entrce, 
de  section  de  passage  minimale  et  de  sortie  de 
chaque  grille,  fixe  ou  mobile,  d'un  compresseur  ou 
d'une  turbine.  L'hypothese  fondamentale  du  programme 
est  que  les  perturbations  induites  par  chaque  grille 
sont  convoctees  par  le  fluide  mui3  qu'elles  n'influ- 
enoent  pas  les  sections  se  trouvant  en  amont  de 
celle  ou  elles  prennent  nainnance.  Dans  oe  cadre, 
lea  irrdversibilitds  qui  peuvent  §tre  dues  soft  d 
l'a'taque  non  adaptde  des  aubagea,  d la  diffusion  de 
l'dcoulement  dans  los  oanaux  interaubes  divergents, 
au  frottement  sur  lea  parois  fixes  ou  mobiles,  au 


mdlange  des  sillages  dans  les  espaces  inter-roues  ou 
aux  phdnomdneo  secondaires  prfes  des  parois,  pour  ne 
citer  que  les  principaleo  causes  d' irrdversibilitds, 
sont  assimildes  a des  gdndrations  d'entropie  entre  plans  discrets. 
II  est  alors  aisd,  par  comparaiscn  des  relevds  experimentaux  aux 
rdsultats  du  ealcul  numdrique,  de  corriger  -'el>ii-ci 
et  notamment  si  l'on  dispose  de  relevds  locaux 
(rdpartition  radiale  de  pression  d'arrdt,  de  tempd- 
rature  d'arrdt  ou  de  toute  autre  grandeur)  de 
corriger  3UCOesaiveweiit  les  paramelres  utilises 
pour  la  description  de  l'dcoulement  dans  chaque  roue 
et  obtenir  ainsi  un  ensemble  de  donndes  numdriques 
qui  sont  parfois  plus  cohdrentes  m§me  que  les 
rdsultats  expdrimentaux  proprement  dits. 


2 - FORMULATION  GENERAIE  DES  EQUATIONS  DU  SIMULATEUR 
NUKBRIQUB 

2.1  - Hypotheses  fondBinentales 

la  simulateur  numdrique  utilise  l'hypo- 
thfese  dr  l'dcoulement  axisymdtrique  moyen  [5]  avec 
la  restriction  supplemental re  d’aubes  k ligne 
moyenne  radiale,  ce  qui  dlioine,  comme  on  le  verra 
plus  loin,  1’ introduction  de  forces  volumiques  dans 
les  dquations  [6]. 

Noua  nous  limitons  ici  au  cas  d'un 
compresseur  axial  comprenant  si  dtages  compoads 
chaoun  d'une  roue  mobile  et  d'un  redresseur  fixe. 
Pour  ohacune  de  ces  roues  nous  nous  bomerons  A 
l'dtude  du  plan  d’entrde,  du  plan  de  section  de 
passage  minimale  et  du  plan  de  sortie.  Entre  chacun 
de  ces  plans,  une  gdnd.-ation  d'entropie  represented  les  diveises 
irrdversibilitds. 


D'une  fa? on  g^nerale  nous  supposons  que  le 
fluide  remplit  compldtement  la  veine  qui  lui  est 
offerte,  le  ddcrochage  du  compresseur  correspondant 
justement  k l'impossibilitd  d'obtention  d'une  telle 
solution  pour  une  valeur  donnde  du  ddbit.  Dans  le 
plan  de  la  section  de  passage  minimale  nous  tiendxons 
compte  de  l’dpaisseur  des  aubes  au  moyen  d'un  facteur 
d’obstruction  gdocdtrique. 

Enfin  la  compatibilitd  radiale  des  divers 
filets  de  courant  est  assurde  par  la  condition 
d'dquilibre  radial,  dont  l'dcriture  constitue  la 
seule  hypothAse  simplificatrice  de  ce  calcul. 

2.2  - Equation  de  continultd.  Ddfinition  des 
ravons  homoloeues 

Si  nous  ddsignons  par  t la  fraction  de 
circonfdrence  offerte  au  fluide  a chaque  rayon 

-t=4  dans  lea  plans  4-n-4  , e t ^.■n+2. 

-t--4-  dans  les  plans  Ipti*  4 , ou  e est 

l'dpaisseur  des  aubes  et  cj  leur  nombre. 

L'dquation  de  continuitd  qui,  dans  l'hypo- 
thfese  d'un  dooulement  axisymdtrique  s'dcrit 

0)  t b(pt  WA.)  _ Q 

i A by 

ou  u est  la  composante  radiale  de  la  vitesse  et  w 
la  composante  axiale,  permet  de  ddfinir  la  fonction 
de  courant  p telle  que 

(2)  vr  s A-  At 

ft*  b* 


Nous  ddsignerons  nar  rayons  homologues  dans  deux 
plans  d'indioes  * etui  dlff<5 rents,  deux  rayons 
*1  et  oorrespondant  a la  mSme  valeur  da  P 
ddfinie  par  s 


(3) 


^ pvrtJiclA  = J j>urjtxJ.Jt 


2.3  - Equation  d'douilibre  radial 

Les  aubes  4tant  supposdes  radiales,  la 
projection  sur  un  rayon  de  l'dquation  du  mouvement 
s'ecrit  dans  3 'hypo these  d'un  dcoulement  axisymd- 
trique  : 


(4)  p^JL  + pur^L -pK  + \E  = 0 
) 3 a j dy  Jam 


Fig.  1 - Schema  d'un  compresseur  multistage,  definition  des  plans  de 
caicui  de  la  roue  d'ordre  n. 

4 n — 1 plan  situS  immidiatement  an  amont  des  bords  d'attaque 
4 n plan  situd  immSdiatement  en  aval  des  bords  d'attaque 
4 n*  1 plan  de  section  de  passage  miriimale 
4 n*  2 plan  des  bords  de  fuite. 


ou  tr  ast  la  composante  azimutale  de  la  vitesse  en 
axe 8 absolus,  J>  la  masse  volumique  et  jp  la  pression. 

L'hypothese  siaplifioatrice  que  nous  ferons 
est  d'admettre  que  la  trace  mdridienne  des  surfaces 
de  courant  axisymdtriques  s'interpolent  4 partir  de  celtes  des 
carters  externe  et  interne  ce  qui  permet  d'expliciter  les  deux 
premises  ddrivees  partielles  de  ('equation  (4)  et  donne  le 
gradient  radial  de  pression: 


(5)  }£  s o />*_  ****-*•*•  ) 

3a.  Jl  A Jy,  a/--  A,3-  ' 

ou  h est  la  pente  des  mdridiennes,  les  indices  0 
et  1 se  rapportant  respectivement  au  carter  interne 
et  externe. 

2.4  - Composante  azlmutale  de  la  vitesse 


il  exists  un  4cart  flux-profil  fonction  du  pas  relatif 
des  aubes,  du  cal  age  de  la  grille  et  de  1 ’ angle 
d* incidence.  L’estimation  de  cet  4c art  flux-profil 
est  r4alis4e  suivant  les  rfegles  classiques  expos4es 
dans  le  rapport  NASA  SP36  [7]. 

2.5  - Temp4rature  d'arrdt  du  fluide 

Tous  les  oalculs  s'effeotuent  en  axes 
absolus  et  la  temp4rature  d'arrdt  doit  Stre  calcul4e 
dans  ce  m6me  systbme  de  r4f4renee,  mSne  lorsque 
physiquament  ce  calcul  n'a  pas  de  signification. 

Dans  tous  les  cas  elle  se  oalcule  par  r4f4- 
renoe  au  plan  d'entr4e  : 

Cf  ~ CpT'i-m-i  ~ a4-* <■* 

(8)  / x 


Dans  le  plan  d'entr4e  de  cheque  grille 
(indice  i-K-i  pour  la  grille  d'ordre  <K  ) la  compo- 
sante  azimutale  de  la  vitesse  au  rayon 

est  li4e  par  la  condition  de  conservation  de  la 
circulation  4 la  composante  azimutale  V~4^.z  a la 
sortie  de  la  grille  pr4c4den+e  au  rayon  homologue 
A ^u  rayon  consid4r4. 


^qac.d  irqni-Z 


Notamment  dans  le  plan  d'ontr4e  do  la  premiers  grille 
la  vitesse  azimutale  J/j  est  nulle. 

Dans  les  autres  plans,  la  composante  aiimu- 
tale  de  la  vitesse  v est  li4e  4 la  composante  axiale 
ur  par  la  relation  : 

(7)  v = oj ^ a.  + m.  nr 

oil  CU^eO  pour  les  grilles  fixes  et 

^m/60  potir  les  grilles  mobiles  ! N est 

la  vitesse  de  rotation  du  compresseur  en  tours  pa* 
minute  et  w,  la  pente  de  la  vitesse  absolus  dans  le 
plan  tangent  4 la  surface  de  courant,  mesur4e  par 
rapport  4 la  direction  axiale. 

Nous  admettrons  que  dans  les  plans  d' indice 
4-e t et  If.  *.  + 4 , situ4s  4 l'int4rieur  de  la  grille 
(fig.  1)  cette  pente  <?n  est  ddfinie  par  la  g4om4trie 
de  la  grille,  mais  que  dans  le  plan  de  3ortie  levc+l 


L 0,4  til 

les  rayons  4tant  homologues.  La 

temp4rature  statique  e'en  d4duit  inmddiatement. 

2.6  - Pression  d'arrSt  et  pression  statique 

En  1' absence  de  pertes  la  pression  d'arrdt 
en  un  point  pourrait  Stre  direotement  d4duite  de  la 
temp4rature  d'arrfit  par  la  relation  de  transformation 
isentropique  : 


En  fait,  cette  valeur (Pqnaf)is  doit  Stre  corrig4e 
pour-  tenir  compte  des  irr4versibilit4s.  Malheureu- 
sement  il  n'existe  pas  encore  de  oorr41ations 
prdcises  entre  les  grandeurs  g4om4triques  de  I'aubage, 
las  grandeurs  a4rothermodynamiques  de  l'4coulement  et 
leB  facteurs  de  corrections  donnant  les  valeurs 
r4elles  de  la  pression  d'arrdt.  C'est  pourquoi  nous 
utilisons  dans  le  simulateur  num4rique  une  relation 
empirique  pour  determiner  l'aocrpissement  d'entropie 
au  oours  de  la  transformation,  Jl  A S , lequel 
est  reli4  aux  grandeurs  oindmatiques  de  l'dcoulement 
par  i 


oh  Ift  est  la  constants  massique  du  gaz. 

les  correlations  empiriquss  de  pertes  qui 
nous  ont  donnd  lea  confrontations  los  meilleures 
entre  thdorie  st  experience  consistent  k decomposer 
l'aooroissement  d'entropie  dans  ohaque  grille  en  ! 

U accroissement  d'entropie  dfl  h la  non  adap- 
tation entre  plans  4-n-  d et  4 

lij  accroissement  d'entropie  par  diffusion,  shire 
plans  JpOi-d  et  1+.  xi+Z 

Hi)  accroissement  d'entropie  par  melange  de 
J sillage  entre  plans  b-*u-2.  et  4 *.+  3 

iliij  accroissement  d'entropie  dd  aux  pertes 
seoondaires. 

Connaissant  enfin  la  pression  d'arrdt,  les 
tempdratures  statique  et  d* arret,  on  obtient  sans 
difficultes  la  pression  locale  et  la  masse  volumique 
du  gaz,  necessaire  pour  le  calcul  du  debit  masse. 


5 - UTILISATION  PRATIQUE  DU  SIMULATEUR 

La  mise  en  oeuvre  du  simulateur  numdrique 
ndcessite  la  connaissance  i 

- de  la  gdomdtrie  du  compresseur  (lois  de  variation 
des  carters  exteme  et  interne,  equations  des 
squelettes  des  aubes  fixes  et  mobiles,  repartitions 
des  epaisseurs  des  aubes)  ! 

- de  la  vitesse  de  rotation  ; 

- des  conditions  de  temperature  et  de  pression  a 
1' inf ini  amont. 

Comme  nous  l'avons  indique,  la  deflexion 
donnde  par  chaque  grille  s' obtient  h partir  de  sa 
definition  geometrique  par  la  prise  en  compte  de 
l'ecart  flux-profil,  mais  l'aooroissement  de  pression 
d'arrdt  correspondant  a 1' accroissement  de  tempera- 
ture que  l'on  peut  ensuite  calculer  doit  encore  6tre 
corrigd  pour  tenir  compte  des  irreversibilites. 

Pour  un  dibit  masse  fixd  -m,  , le  calcul 
s'effectue  de  l'amont  vers  l'aval,  la  conservation 
globale  du  dibit  devant  St re  assuree  dans  chaque 
section. 


• Ai4.%A 


<">  ^.ITj  f 


wAa  J 


A. 


dibit  et  un  retour  au  fonctionnement  normal 
A dibit  fonotion  de  la  contrepression  i 

ILL)  aux  faibles  dibits,  la  compatibiliti  radiale 
des  divers  filet3  de  courant  gouvernie  par 
1* equation  (5)  peut  cesser  d'Stre  possible 
et  la  veine  offerte  au  fluide  ne  peut  plus 
Stre  oomolAtement  remplie  avec  le  dibit 
masse  donni  i le  dibit  maximal  pour  lequel 
apparait  une  telle  impossibiliti  peut  Stre 
considers  comme  le  ddbit  do  ddcrochagc  du 
compresseur,  les  configurations  de  l’dcou- 
lement  obtenues  pour  des  ddbit s plus  faibles 
comportant  alors  des  zones  de  fluide  mort 
stationnaires  (ddoollement  paridtal)  ou 
instationnairea  (ddoollement  toumant) 
suivant  la  gdomdtrie  du  compresseur,  comme 
nous  le  verrons  plus  loin  sur  un  exemple 
expdrimental  f 

llil)  il  peut  dgalement  arriver  que  la  pression 
statique  A la  sortie  du  compresseur  passe 
par  un  maximum  lorsque  le  ddbit  du  compres- 
seur  ddcrott  sans  que  se  pose  le  problAme 
de  la  difficultd  de  remplissage  de  la  veine  } 
un  tel  fonctionnement  conduit  ndcessairement 
a des  instabilitds  longitudinales  de  basse 
frdquence  (pompage)  et  limite  dgalement  le 
domaine  de  variation  de  la  pression. 


4.  - ETUDE  THEORIftUE  ET  EXPERIMENTAL^  O' UN  ETAGE  DE 
COMPRESSEUR  AXIAL  A CALAGE  VARIABLE 

A titre  d'exempie  nous  prdsentons  les  donndes 
expdrimentales  et  I'interprdtation  thdorique  du  fonctionnement 
d'un  compresseur  axial  subsonique  a faible  vitesse  de  rotation, 
le  fluide  pouvant  Atre  alors  considird  comme  incompressible,  dont 
la  roue  mobile,  tres  dloignde  du  redresseur  aval,  comporte  des 
aubes  dont  le  calage  peut  etre  modifie  a I’arrdt.  Sur  les  huit 
calages  dtudids,  nous  en  analyserons  trois  correspondant  au 
calage  de  base  (n°  2),  A un  calage  plus  ferme  (n°  5) 
et  A un  calage  plus  ouvert  (n°  0).  Une  coupe  du 
compresseur  d'essai  est  donnde  sur  la  figure  2.  La 
figure  5,  qui  re  presente  Involution  en  fonction  du 


Redresseur  iioigni 


Le  domaine  le  variation  de  ce  ddbit  pour 
une  vitesse  de  rotation  donnde  est  limitd  par  deux 
des  conditions  suivantes  ! 

U aux  ddbits  dlevds  par  un  accroissement  insuf- 
fisant  de  la  pression  ne  permettant  plus 
l'dvacuation  du  flux  aspird  par  le  oompres- 
seur  dans  1' enceinte  a vale  ; 

'll)  aux  vitesses  de  rotation  dlevdes,  la  section 
de  passage  minimale  l section  dp'n.+  d ) peut 
dtre  trop  petite  pour  permettre  le  passage 
du  ddbit  imposd  (gdndralisation  au  cas  d'un 
dooulement  stratifid  du  blocage  sonique  des 
tuyAres),  le  ddbit  du  compresseur  est  alors 
inddpendant  de  la  contrepression  pour  un 
certain  domaine  de  variation  de  celle-ci, 
limitd  aux  faibles  valeurs  de  la  contrepres- 
sion par  l'impossibilitd  d'dvacuer  le  ddbit 
(of.  ( l ) ci-dessus)  et  aux  plus  fortes 
valeurs  de  celle-ci  par  une  rdduotion  du 


Fig.  2 - Coupe  du  compresseur  d'essai.  Vitesse  de  rotation  N - 3000  tr/mn. 

rayon  reduit  J des  angles  en  sortie  de  roue  mobile 
en  axes  relntifs,  montre  qu'ils  se  ddduisent  sim- 
plement  des  angles  du  calage  de  base  par  addition 
d'un  angle  constant. 

La  figure  4 reprdsente  pour  ces  trois 
calages  le  coefficient  de  perte  de  charge,  rapport 
A la  pression  dynamique  au  rayon  x de  la  vitesse 
d'entralnement,  de  la  difference  entre  l'aocrois- 
sement  thdorique  de  pression  d'arrdt  PCVAV  et 
l'aooroissement  rdel  SB 

(12)  £%-  2{p*>*r-SP) 

foo1*.1 

Des  points  expdrimentaux  nous  avons  dddudt 
la  oorrdlation  thdorique  ! 


l Mi  i in  -jr  r~~  — 


feSftiibfe’l 


(13) 


Calage 


( <1*  t')  + o,i5(i  - f fi,)2 

* (a.  % r 


ou  'f z ^/oJA  eat  le  coefficient  de  ddbit  moyen  au 

rayon  K ( ur  est  la  demi-somme  das  vitesses  ddbi- 
tantes  amont  et  aval), 

Cfp  est  un  coefficient,  fonction  du  rayon,  carac- 

terisant  les  pertes  secondaires  et  dont  nous  avons 
reprdsentd  Involution  sur  la  figure  5, 

est  l'angle  d'attaque  nominal,  et 

^3  , 1' angle  de  sortie  de  l'dcoulement  compte  tenu 

de  l'ecart  flux-profil. 

Utilisant  avec  CoS  donndes  le  simulateur 
numerique,  nous  avons  pu  comparer  les  valeurs  calcu- 
ldes  du  coefficient  local  de  debit  aux  valeurs 
mesurdes  au  cours  des  essais  (fig.  6).  Cn  notera  une 
bonne  concordance  entre  calcul  et  essais  sauf  aux 
plus  grands  debits  pour  lesquels  d'ailleurs  les 
essais  deviennent  imprdcis  du  fait  du  faible  accrois- 
sement  de  la  pression  d'arrSt. 

En  revanche  le  calcul  montre  qu'il  exicte 
dans  chaque  cas  dtudie  un  coefficient  de  ddbit  moyen 
limite  (f)L  pour  lequel  la  courbe  f j comporte 

une  tangente  verticals.  Le  ddbit  correspondent  limite 
vers  les  faibles  valeurs  des  debits  le  domains  de 
fonctionnement  pour  lequel  le  fluids  remplit  compl&- 
tement  la  veine. 

L'  experimentation  du  compresses  a montrd 
que  pour  les  calages  infdrieurs  au  calage  "2"  il 
apparaissait  alors  un  ddcollement  sur  le  carter 


-S  oi i i i L 

? 0.7  0.8  0,9  I 

Rayon  reduil  (/ r. 


Fig.  3 - Variation  da  I'angle  de  sortie  avec  le  rayon  et  F, angle  de  calage. 


exteme  et  que  le  fonctionnement  global  du  compres- 
seur  restait  apparemment  sain  pour  des  debits 
nettement  plus  petits  que  ce  ddbit  limits,  malgrd 
l'importante  bulls  de  ddcollement  paridtal. 

En  revanche  pour  les  calages  n2"  h.  "5n 
un  phdnom&ne  de  ddcollement  toumant  apparaissait 
pour  des  ddbits  inf&rieurs  k cette  valeur  limite. 


Fig.  4 - Influence  du  coefficient  de  dibit  local  et  du  calage  des  aubes  sur  le  coefficient  do  parte  de  charge  d divers  rayons  rtduits  r/r, . 


m 


ft.  d 


I *■ 


SB 


F/j.  5 - Variation  an  fonction  du  rayon  riduit  du  coefficient  de  pertes 
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Fig.  6 - Comparison  des  coefficients  de  dibit  calculis  au  moyen  du  simulateur  I traits  continue)  et  des  points  expirimentaux. 


5 - PKE VISION  DE  LA  El HITS  DE  DECR0CHAG5  ET  DBS 
REGIMES  INST  ATI ONNAI RES 


etait  stationnaire  an  au  moins  un  point. 


Permettant  d'obtenir  la  repartition 
radiale  de  la  vitesse  A la  sortie  de  la  roue  mobile, 
le  simulateur  numdrique  peut  dgalement  ddfinir  le 
ddbut  de  ddorochage  oomme  limite  infdrieure  du  debit 
pour  lequel  la  veins  ost  completement  remplie. 


Se  referant  alors  & des  travaux  anterieurs 
[9]  ou  le  pbdnomdne  de  deoollement  tournant  etait 
decrit  oomme  un  regime  ou  une  gone  de  fluide  mort 
animee  d'une  vitesse  angulaire  constants  devait 
trouver  un  equilibre  radial  et  azimutal,  on  a pu 
montrer  que  ce  regime  ne  pouvait  etre  stable  en  veine  cylindrique 
que  si,  e des  debits  supdrieurs  ou  au  moins  egaux  au,  debit  limite, 
il  existait  un  fonctionnement  pour  lequel  le  coefficient  de 
pression  statique: 


Lorsque  le  redresseur  est  eioigne  de  la 
roue  mobile,  oe  qui  est  le  cas  du  compresseur  dtudid 
ci-des3us,  on  montre  facilement  que  cette  condition 
de  stationnarite  est  satisfaite  en  tout  point  ou  a valour  de 
s'exprime  par: 

X = (V/- 

'OlA  / 


(15) 


J>CVl4 


et  n*  en  diffdre  que  peu  dans  le  cas  ou  l'equilibre 
radial  de  la  veine  doit  tenir  coopte  du  deplacement 
des  surfaces  de  courant. 


(H) 


ys  = 1 (+- 

jxu1*2 


la  figure  7 sur  laquelle  nous  avo»3  portd 
les  courbes  thdoriques  de  Vj  montre  qu'effecti- 
voment  au  calage  "5"  la  condition  (15)  dtait  ddjb 
satisfaite  pour  un  ddbit  net tenant  supdrieur  au 
ddbit  de  ddcrochage,  qu'au  calage  *2"  ce  n'est  qu*au 
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Fig.  7 - Rtchttcht  ptr  It  calcul  dt  la  condition  dt  s Ubiliti  du  rigimt  dt  ddcoHemvnt  tournant. 


ddbit  de  ddcrochage  que  oette  condition  est  satis- 
faite  at  qu'elle  no  l'e  .t  pas  du  tout  dans  tout  le 
domains  de  fonctionnement  pour  Is  calage  "0". 

L* analyse  de  l'dcoulement  au  moyen  du 
simulateur  numdrique  peraet  done  de  prdvoir  dans  un 
cas  simple  comae  celui  dtudid  oi-dessus,  la  limits 
de  ddcrochage  et  la  nature  des  regimes  discontinue 
qui  s'instaurent  pour  des  debits  infdrieurs  ou  dgaui 
au  ddbit  de  ddcroohage. 


6 - CONCLUSION 

Nous  avons  essayd  de  montrer  que,  par  la 
facility  d* introduction  de  diveraes  lois  de  pertes 
qui  lui  est  propre,  le  simulateur  numdrique  de 
turbomaohines  est  un  outil  cormods  pour  un  bureau 
d'dtudsa  pour  analyser  ou  prdvoir  les  performances 
d'un  oompresseur  k gdomdtrie  variable.  Son  emploi 
optimal  correspond  au  cas  ou  I'on  connalt  un  point 
de  fonctionnement  et  que  I'on  recherche  I'influence 
de  la  variation  de  divers  paramktres  gdoadtriquee  et 
notanmant  de  1' angle  de  cal age. 

I*  confrontation  des  provisions  thdoriquss 
am  rdsultata  expdriaentaui  obtenus  sur  un  eompresseur 
k faible  vitesse  de  rotation  et  k aubes  k oalage 
rdglable  k I'arrdt  est  trks  satisfaisante  et  la  gdnd- 
raliaation  de  la  mdthode  au  cas  d'un  eompresseur 
fonetionnant  dans  le  domain#  compressible  a ddjk  dtd 
entreprise. 
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RESUME 

L'Avolution  des  cycles  des  aoteurs  de  TSS  conduirait,  avec  daa  chaabraa  da  combustion 
fonctionnant  de  fag on  identique  au  dAcollage  et  an  croisiArs  A une  elevation  daa  Aaiaaiona  d'ozydaa 
d1 azote. 

La  SNECMA  a dAf ini  dana  dea  Atudes  A long  torae  une  chaabra  A "Acoulsaent  aArodynaalque  variable" 
qui  traite  aAparAaent  la  croiaiAre  et  la  dAcollage, 

Cette  chaabre  dite  "A  deux  aodulea"  coaprend  un  aodule  de  ralanti  at  un  aodule  de  croiaiAre  A baa 
niveau  d'oxydea  d 'azote,  utiliaant  la  technique  de  coabuation  d'un  prAaelange  prAvaporiaA. 

Un  aodule  bi-diaenaionnel  congu  pour  fonctionner  aoua  haute  preaaion  a At A expAriaentA. 

Dea  modifications  de  la  gAomAtrie  de  l'enaeable  ont  peraia  da^suraonter  le  problAae  dea  reaontAea 
de  flaaae  et  de  fonctionner  jusqu'A  une  preaaion  de  4.105  N/a  et  une  teapArature  d'entrAe  de  773*K. 
Lee  rAaultata  obtenus  sont  encouragaanta,  aais  dea  problAaes  ardus  reatent  A rAsoudre  et  il  ne  peut 
Atre  enviaagA  d'appliquer  la  technologie  proposAe  avant  une  dizaine  d’annAes  dana  le  aeilleur  dea 
cas. 

PLAN 

1.  Introduction 

2.  ProblAmes  de  la  pollution  dea  aoteurs  d'avions 

3.  Prograaae  de  travail  SNECMA 

4.  Conception  de  la  chaabre  A deux  aodulea 

5.  RAaultata  expAriaentaux 

6.  ProblAaes  A rAsoudre 
7>  Conclusion 

1.  INTRODUCTION 

La  technique  de  la  chaabre  de  coabuation  dea  turborAacteura  a beaucoup  AvoluA  dana  lea  der- 
niAres  annAes.  Cette  Avolution  a d'abord  Ate  due  A devolution  du  cycle  theraodynaaique  dea 
nouveaux  aoteurs  civile  subaoniquea,  du  type  JT  9D,  CF  6,  RB  211,  oil  1 'utilisation  de  grands 
rapports  de  dilution  ( A *»  5)  iaplique  siaultaneaent  dea  rapports  de  preaaion  et  dea  teapAraturea 
entrAe  turbine  Aleveea  (i»  ~25  ou  30,  Tt-  •»  l400*K) . 

Lea  aoteurs  ailitaires  et  lea  aoteurs  d'avions  civils  supersoniquea  suivent  la  atae  tendance. 

Ce  type  de  cycle  theraodynaaique  a fort  rapport  de  preaaion  et  teapArature  entrAe  turbine  AlevAe 
dont  la  richeaae  noainale  (rapport  du  debit  Basse  carburant  sur  debit  masse  de  I'air)  eat  Agale— 
aent  augment Ae,  car  la  teapArature  aortie  coapresseur  crott  aoina  vite  que  la  teapArature  entrAe 
turbine,  entratne  une  modification  sensible  dea  performances  requiaes  de  la  chaabre  de  combustion. 

Du  point  de  vue  tenue  aAcanique  et  fiabilitA  de  la  machine, les  conditions  sont  naturelleaent 
beaucoup  plus  sevAres  pour  la  chaabre  et  pour  la  turbine.  Pour  la  chaabre, ceci  resulte  dea  niveaux 
Aleves  de  preaaion  absolue  et  de  teapArature  sortie  coapresseur,  puiaque  c'est  la  teapArature  de 
I'air  qui  sera  utilisAe  en  ref roidiaaeaent . Pour  la  turbine,  niveau  Aleve  de  teapArature  sortie 
coapresseur  et  entrAe  turbine  sont  siaultanAaent  A 1'origine  du  >roblAae.  C'est  pourquoi  la  quali~ 
tA  de  la  rApartition  de  teapAraturea  aortie  chaabre  joue  un  rflle  essential  dans  ces  nouvelles 
aachines. 

Paral lAleaent , un  effort  a Ate  fait  dans  le  doaaine  de  1 'encoabreaent . Lea  ehaabres  de  coabuation 
actuellea  sont  plus  poussAes  en  rapport  1/h  (longueur  sur  hauteur  du  tube  A flaaae),  ce  qui  eat 
favorable  du  point  de  vue  de  refroidisseaent , aais  de favorable  du  point  de  vue  qualitA  de  la 
rApartition  de  teapAraturea  entrAe  turbine. 

La  aise  au  point  de  telles  ehaabres  de  coabuation  n'est  pas  allAe  sans  problAaes.  Encore  aujour- 
d'hui,  on  constate  sur  ces  aoteurs,  que  la  tenue  de  la  chaabre  eat  la  raison  la  plus  frAquente 
dea  taux  d'arrAt  en  vol  ou  de  depose  prAaaturAe  dea  aoteurs.  C'est  pourquoi,  cette  technique  doit 
Atre  considAree  avec  une  certains  prudence. 

Enfin  lea  problAaes  d'environneaent , d'abord  apperua  avec  lea  Aaiaaiona  de  fuaees  et  de  bruit, 
sont  maintenant  plus  iargeaent  pris  en  eoapte,  pulsqu'on  assiate  a 1 'apparition  de  rAgleaents 
llaitant  lea  Aaissions  des  aoteurs  d'avions  a basae  altitude.  Dea  rAgleaents  liaitant  lea  Aais* 
sions  A haute  altitude  sont  probables  dans  un  avenir  a aoyen  terae.  Lea  nouvelles  contraintes 
qui  en  resultent  ou  en  rAsutteront  pour  lea  ehaabres  de  coabuation,  risquent  d'avoir  des 
eonsAqueneea  profondes  sur  ia  conception  de  ces  demiAres. 

2.  LE  PROBLEMS  DE  U POLLUTION  DES  HOTEURS  D'AVIONS 

Lea  gas  d' Aehappeaent  des  aoteurs  d'avions  sont  coaposAs  en  aajoritA  de  produits  conaidArAs 
eoaae  non  poiiuants  (0^,  Nq,  Mq0,  C0„ ) et  en  faibie  quantitA  de  produits  qui  peuvent  Atre  noeifs 
s' its  sont  presents  en  quaittite  suffisante.  Ce  sont  CO,  lea  hydroearbures  iabrOlAs,  lea  oxydes 
d'azote,  lea  aidAhydes,  30^,  A celA,  ‘ajoutent  tea  particuies  de  earbone,  qui,  parcequ'elles 
apparaissent  sous  forme  de“fuaAe  noire,  furent  lea  preaiAres  A attirer  i 'attention  du  pobiie, 
bien  que  n'Atant  pas  nAeessaireaent  lea  plus  daagereuses, 
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Les  rlglsacnts  actuals  ou  future  portent  aur  das  limitations  d'imlaaions  do  particulaa  da 
carbons,  CO,  hydroesrbures  at  NO  . Las  aldehydes  at  SOn  na  sont  pas  prla  an  coapte,  las  proaiers 
p« ico  qii'eti  tres  faiblc  quantite  at  ilifficiles  a sourer,  lc  SO  parco  qua  dependant  uniquoment  de 
la  taneur  an  aoufre  du  carburant,  u'etsnt  done  pas  de  ce  fait  un  problems  de  combustion. 

Las  particulaa  de  carbons  as  formant  dans  las  cones  riches  da  la  sons  primairo  ou 
regnent  una  temperature  at  une  preasion  e levies.  Pour  eviter  ou  rAdulre  leur  formation,  il  faut 
obtanir  un  melange  air  carburant  le  plus  homogene  possible  dans  la  region  oil  regnent  las  tempi- 
raturas  da  flaame  las  plus  elevens. 

La  figure  1 represents  una  courbs  devolution  typique  du  niveau  d'imissions  de  fumie  d'un  moteur 
an  fonction  du  rigime.  Le  niveau  maximum  eat  geniralement  attcint  vers  la  regime  en  plein  gaz, 
ca  qui  n'ast  pas  etonnant  puisqua  la  temperature  sortie  compresseur,  la  richasae,  done  la  tempi- 
ratura  da  fleams  sont  alora  lea  plus  forts. 

II  eat  evident,  coapte  tenu  de  ce  qui  vient  d'ltre  dit,  qua  la  solution  optimale  eat  cello  du 
prAaelangs  total  air  carburant  an  proportiona  plutOt  pauvrea,  en  isont  de  la  ccmbuation. 

Lea  imiaaiona  de  CO  #t  hydrocarburea,  aont  lloea  au  nfveau  du  rendement  de  combust  loll,  car 
caa  produita  aont  daa  composes  intermedia ires  qui  apparaissent  dans  le  processus  complexe  de 
reactions  chimiquas  de  combustion. 

Las  paraastres  qui  influancent  la  rendement,  done  las  emissions  de  CO  at  hydrocarburea  imbrQles 
aont  de  daux  naturae  diff&rentea  i 

- Lea  conditions  aero-thermodynaaiquaa  dans  leaquallas  s’affactue  la  combustion,  e'eat-a-diro, 
preasion,  tempiratura,  Mach  sioyen  d'ecouleaent  at  richaaaa  du  melange. 

- La  technique  de  combustion  t 

structure  da  1 ' xdrodynsai qua  da  la  zona  da  stabilisation  da  flaame  at  das  conditions  da  melange 
air  carburant. 

Las  conditions  thermo-dynamiquas  sont  d'autant  plus  dsfavorablaa  qu'ellea  s'ecartent  du  regime 
maximum. 

Preasion  at  tsapAratur*  ont  una  influence  directs  aur  la  vitaaaa  de  reaction,  de  mime  que  la 
richaaaa  qui  donna  las  vitaaaas  da  reaction  las  plus  grandee  quand  lea  proportions  du  melange  sont 
stoachiomitriquas . Ca  sera  la  caa,  ai  la  chambra  ast  adapts*  au  dAcollage.  Aux  regimes  partiels, 
las  proportiona  saront  d'autant  plus  sous-stoschioaAtriquss  qu’on  approchera  du  ralenti. 

Quant  au  second  paraaitre,  1 'optimum  set  represents  par  un  preallanga  total  du  carburant,  dans 
las  proportions  stoschioaltriquss  pour  las  conditions  Iss  plus  dAfavorables,  c 'sst-A-dire,  vers 
la  ralanti. 

II  exists  daux  processus  de  formation  du  NO  t 

- l'un  dit  du  NO  pracoca  (prompt  NO  ) * 

- 1' autre  dit  du*NO  t harm! qua.  x 

La  premier  da  caa  daux  procasaua  ast  d'autant  moina  important  par  rapport  au  second  que  le  niveau 
da  temperature  at  da  preasion  ast  sieve.  La  second,  comma  son  nos  l'indique,  depend  du  niveau  de 
temperature  da  flamme  at  du  tamps  da  as jour  dans  las  zones  chaudes.  Le  niveau  de  temperature  etant 
le  paramltre  la  plus  important,  il  eat  necessaire,  pour  riduire  sensiblemer.t  les  emissions  de  NO  , 
d'abaisser  la  niveau  da  temperature  maximum  attaint  dans  la  zone  de  combustion.  Dans  une  chaabre 
claasique,  1 ’adaptation  eat  faite  da  manilre  A ce  qua  la  richesse  dans  cette  zone  p mire  suit 
atoechiometrique  pour  des  regimes  proches  du  regime  maximum,  si  ce  n'est  au  regime  maximum  lui- 
mtme-  Ceci  dans  le  but  d'avoir  le  meilleur  rendement  de  combustion  grtce  aux  vitesses  de  reaction 
las  plus  r> levees. 

De  ce  fait,  il  exiate  toujours  quel que  part  daa  zonea  locales  a richesse  atoechiometrique,  done 
das  zones  ou  la  temperature  eat  trA#  elevee.bien  qua  la  richesse  moyenne  puisse  At  re  differente. 
Pour  las  eviter,  il  faut  elite  un  melange  hoaoglne,  dans  un  rapport  largement  sous-etoechiovAtrl- 
qua,  de  man lire  A ce  que  nulla  part  le  niveau  de  temperature  puisse  approcher  la  temperature 
atoechiometrique.  La  reduction  en  NO  sera  d'autant  plus  importante  que  la  stabilisation  de  la 
flamme  se  fere  A richesse  plus  basae,  c 'est-A-dire,  aussl  pres  que  possible  de  la  limite  distinc- 
tion pauvre.  Toutefois,  cedi  ne  doit  pas  se  faire  au  prix  d'un  rendement  exagerement  bas. 

On  volt  done,  que  pour  rlduire  le  niveau  de  fusees,  de  CO,  d 'hydrocarburea  imbrQlea,  ou  de  NO  , 
il  faut  tendre  vers  le  premelange  carburant  air  de  combustion.  Pour  CO  et  les  hydrocarburea, 
il  faut  que  le  rapport  de  melange  soit  atoechiometrique  dans  la  zone  de  combustion  pour  les 
conditions  pour  lesquelies  on  cherche  A obtenir,  le  rendement  optimum.  Par  centre,  pour  les  NO  , 
il  doit  Itre  aussl  loin  que  possible  du  stoechioaetrique. 

J.  PKOOIUMM£  DC  TRAVAIL  SNSC4A 

Le  problems  de  la  reduction  des  NO  eat  bien  entendu  le  problems  pollution  le  plus  diffi- 
cile a rAaoudre,  11  peut  Itre  aborde  sous  trois  aspects  different*  t 
• Par  i’injeetion  d'eau  dans  ia  zone  prinaire  de  ia  chaabre, 

- Par  ia  reduction  du  ten os  de  sejour  des  gas  dans  les  regions  chaudes  du  tube  A flamme,  c'est-A- 
dire,  sn  aanutt  ds  : a sons  de  dilution. 

- Par  I'utilisstion  de  ia  combustion  en  prAnelsnge  pauvre,  comae  cela  a AtA  exp  1 i que  preeedemaent . 
3-1-  Injection  d'eau 

e#  precede  n'eet  valable  que  pour  des  phases  tres  liaitee*  dans  le  teaps  de  la  aission  de 
i'evien,  dice  lisps  par  saeaple  pour  un  avion  subsonique.  ft  encore  est-ce  au  prix  de  bien 
des  inconvAniont*  ( instaitation  des  reservoirs,  pumpes , circuits  speeiaux  a bord  des  avions, 
etc...).  Il  est  tetaieaent  exciu  pour  ia  eroisiAre  d'un  avion  supersonique,  car  ia  quantite 
d'eau  A sapor ter  serai t du  nine  erdre  de  grandeur  que  la  quantite  de  carburant. 

N’Ataat  pas  direelionent  confront**  au  prabieae  de  la  pollution  A basae  altitude  des  avions 
subsonique* , nous  avans  decide  de  ne  pas  approfendir  cette  technique  qui  d'aiileure,  du 
point  de  vue  cenbustlon.  na  seahle  pas  poser  de  problems#  aa jours. 


3-2-  Reduction  du  temp*  de  sojour  dan*  lea  zones  chaudea  du  tube  i riaan 

C'oat  une  technique  applicable  sur  lea  chaabrea  de  combustion  "classique*".  Sur  la  figure  2 
noua  avona  schAmatiquement  reprAientA  la  coupe  d'un  tube  A flaaae  standard  A cAte  de  la 
coupe  d'un  tube  A flaaae  faiaant  appel  A cette  technique. 

On  peut  voir  qu'ollc  s'accompagne  d'un  raccourcissement  sensible  du  tube  a flaaae,  ce  qui 
correspond  A un  Atat  plus  avance  de  la  technique,  les  autrea  performances  ( repartitions  de 
tempAraturcs , rendementa,  allumage  et  stability  en  altitude,  etc..)  nc  devant  pas  Atre 
sensit'lement  altcrces.  La  reduction  possible  do  l'indicc  d'emission  de  NO  ae  aitue  entre 
10%  et  30%  aux  regimes  maxi.  Nous  poursuivons  le  dAveloppoment  de  ce  type*do  solution. 

Une  autre  fagon  d'appliquer  cette  technique  est,  pour  lea  chambrea  de  suffisaaaent  grande 
tallle  do  dodoublor  la  zo--  prlanire  on  deux  parties  superposAes,  autrement  dit,  ds  fairo 
une  chambre  a double  tAtc  (voir  fig.  3).  tee  proportions  geoaAtriques  reatant  homothetiques, 
11  s'onsuit  une  division  par  environ  deux  de  la  longueur  de  la  zone  primaire,  done  du  tenpa 
de  so jour  dans  cette  zone. 

Co  typo  do  chambre,  nettement  plus  comploxc  quo  lo  precedent,  pose  cn  plus  dea  problemes  de 
rApartitions  do  temperatures,  d'allunage  et  do  stabilite  en  altitude,  pour  dos  gains  en  NO 
correspondent  A une  division  par  deux  environ.  N'ayant  pas  d'application  directs  en  vue  * 
pour  cette  technique  (typo  JT  9D,  CF  6 par  cxempie)  noua  n'avons  pas  ontasiA  pour  le  moment 
do  programme  do  recherche  dans  cette  voie,  qui  ne  noua  paratt  vraiment  rontable  quo  ai  la 
technique  du  premAlange  peuvro  eat  appliquAo  pour  une  do  cos  deux  tdtes. 

3-3-  Technique  du  premAlange  pauvre 

Son  inter&t  a Ate  explique  dans  un  paragraphs  precedent .Etant  donnA  sea  limitea  do  fonction- 
noraent  restreintes  par  rapport  A une  chambre  classique,  il  est  nAcessairo  d’adjoindro  A une 
telle  chambre  adaptoe  aux  regimes  Aleves,  une  autre  chambre  adaptAe  pour  lea  autre-*  condi- 
tions do  fonctionnouent  (ralenti,  rAgimos  partiola),  II  a'agit  done  d-  faire  une  chambre  da 
combustion  A adaptation  variablo,  ce  qui  pourrait  At  re  realise  par  une  gAomAtrie  variable 
qui  modulerait  lea  dAbita  d'Air  entre  loa  diffArentes  zones  du  tube  A flamme  so  ton  les 
regimes,  mais  qui  dans  ce  cm  peut  fttre  rAalisAe  dans  une  geometrie  fixe  en  jouant  sur  les 
adaptations  differontes  do  deux  modules  diffArents.  Les  problemes  quo  pose  une  telle  techni- 
que sont  snslogues  A ceux  de  la  chambre  A double  ttte  AvoquAt  dans  lo  paragraph?  precedent, 
avec  on  plus,  les  problemes  propres  lies  A 1 'uti lisation  du  prAaAlange  prevaporisation 
totale  on  amont  de  la  zone  de  stabilisation  de  flaaae. 

Ce  sont  ces  derniers  problemes  auxquels  nous  avons  dAcide  de  nous  attaquer  d'abord,  afin  de 
situer  les  liaites  de  rAduction  de  N0^  possibles  avec  cotte  technique,  A priori,  la  plus 
promottouse  do  toutos  cellos  qui  vionnent  d’Atre  AvoquAes,  et  ausai  les  limites  dues  a des 
problemes  qui  iui  sont  propres,  comae  la  securite,  la  fiabilite,  la  complexity  technologi- 
que,  etc... 

<*.  CONCEPTION  DE  LA  C1IAM1U1E  A DEUX  NODULES 

Los  considerations  procAdentes  ont  montre  l-'intArftt  d'une  combustion  en  melange  pauvre  d’un 
premAlange  d'air  et  de  carburant , avec  un  teaps  de  sejour  mode re  afin  de  reduire  les  emissions 
d'oxydes  d' azote. 

La  figure  A il lustre  ce  principe  | elie  montre  la  variation  de  1' indice  d'emission  d'oxyde 
d'azote  resultant  de  la  combustion  d'un  premelanoe  air  kerosAne  stabilise®  par  une  grille  perfo- 
rce en  fonctlon  du  rapport  d ' equivalence  du  melange. 

De  p 1 u « , au  cours  du  processus  de  combustion  de  gouttelette*  de  combustible,  il  existe  tou jours 
une  zone  de  reaction  stoechioaetrique  au  voisinage  de  ces  gouttetettes.il  ne  suffit  done  pas  de 
realiser  un  melange  A richesse  uniforms  d'air  et  de  gouttelettes  de  carburant,  encore  faut-il 
prevaporiser  le  carburant. 

Il  faut  done  realiser,  en  amont  du  dispositif  de  stabilisation  de  la  combustion  un  premAlange 
uni  forme  d'air  et  de  carburant  nrevaporisA. 

Par  ailleurs,  comae  nous  i'avons  vu  plus  haut,  il  faut  reduire  les  emissions  d'oxyde  d'azote, 
reduire  le  temps  de  sejour  a haute  temperature,  done  concevoir  un  foyer  a faible  temps  de 
recirculation  et  faibie  temps  de  sejour  global. 

Une  chambre  de  combustion  d 'archi lecture  classique  realises  suivant  ces  principes  est  conve- 
nable,  mais  elie  prAsenterait  les  inconvenient*  suivants  : 

- elie  ne  pourrait  pas  fonctlonner  de  maniAre  satisfaisante  dans  toute  la  yaame  de  richessea 
laposees  par  les  variations  de  regime  d'un  turboreacteor,  du  fait  de  ses  mediocre#  liaites 
d'extinction  pauvre. 

- elie  ne  pourrait  satlsfaire  aux  iaperatifs  de  rAduction  de  1'oxyde  de  carbons  et  des  hydrocar- 
bures  imbrOles  pour  iesquels  il  est  necessaire,  au  eontraire,  de  rechercher  des  teaps  de  sejour 
AlevAs  et  une  riehesse  de  combustion  asses  voisine  du  stoechioaAtrique. 

En  consequence,  nous  avons  pen#©, 

A concevoir  une  chambre  dan*  iaqueiie  i'Acoulement  d'air  est  divise  eu  deux  parties  A la  sortie 
du  eompresseur  HP  1 

une  partie  alimente  un  module  ralenti  (module  A)  de  type  classique  dans  iequel  la  combustion 
s'effectue  avec  un  temps  de  aAjour  long  et  A une  richesse  AlevAe  au  ralenti. 

I'autre  partie  alimente  un  module  de  eroisiere  (module  8)  du  type  A prAmAtange  dans  Iequel  la 
combustion  d'un  premAlange  air  combustible  prevaporise  s'effectue  dans  uu  temps  de  sejour  bref 
et  A richesse  faibie. 


Unn  telle  chambre  se  presenterait  comae  le  m.-ntre  la  figure  5* 

On  distingue  > le  module  A,  muni  d’un  syst.Ame  d'injection  de  type  clasaique,  dont  la  zone 
priaaire  eat  adaptAe  A une  richeaae  proche  du  atoechioaetrique  au  ralenti,  le  complement  d'air 
At  ant  introduit  par  dea  orifices  de  dilution. 

Le  aoduie  0 dans  lequel  la  coabuation  pauvre  eat  stabilises  par  un  ou  pluaieura  atabi 1 iaateura 
an  V et  aliment*  en  carburant  par  dea  rampea  du  type  de  cellos  utilises*  en  rechauffe.  Le  melange 
dea  deux  ecoul omenta  eat  realise  par  melange  dea  Jets  issue  du  module  A avec  1 'ecoulement  du 
module  0. 

Lea  modules  A et  0 fonctionneraient  alora  par  exemple  danu  lea  phases  suivantea  i 

Phase  de  vol  Ralenti  Decollage  Mon tee  CroisiAre  Approche 
Module  A X X X X 


Module  D 


De*  conditions  de  fonctionnement  typique  du  module  D,  correspondent  a un  caa  de  vol  en 
croisiire  supersonique  a haute  altitude  sont  * »s  suivantea  i 

T . , . 800»X  P „ . . 10. ID3  H/m~  d . 0,5 


RESULT ATS  EXPERIMENT AUX 

Dana  le  but  d'etudier  lea  niveaux  d'Aniasicna  en  NO  et  le  rendement  de  combustion  que  peut 
permettre  d’attaindre  un  tal  module  A premAlauge  air  combustible  prevaporise  ainsi  que  les  pro- 
b lores  lies  A son  fonctionnement,  la  SNECMA  a antrepria  la  fabrication  et  lea  eaaaia  d’un  Aliment 
du  module  B, 

5- 1-  Montage  d'essai 

La  materiel  experiment^  oat  conatitue  d'un  ensemble  bi-dimensionnel  comprenant  : 

- une  entrAe  d’air  de  section  rectanqulaire  .120  x 33  mm  dans  laquelle  le  nombre  de  Mach  eat 
voisin  de  0,2it  et  ou  sont  ptacAos  les  rampea  d'injaction  de  carburant. 

- un  diffuseur  ralentiasant  1 'ecoulement  juaqu'A  un  nombre  de  Mach  d'environ  0,08  en  aval 
duquet  sont  places  lea  stabi 1 iaateura  de  flamme  rAalisant  un  blocage  de  0,5. 

- un  tube  A flamme  refroidi  par  film  cooling. 

Compte  tenu  dea  problems*  rencontres,  trois  configurations  principales  ont  Ate  expArimen- 
tees  qui  sont  presentees  figure  6. 

L’ injection  du  carburant  se  fait  A environ  180  am  en  amont  des  accroche-f lammes  par  une  ou 
pluaieura  rampea  A section  droite  circulaire  ou  elliptique. 

Diverse*  configurations  d'injection,  Aqui-courant,  centre— cour ant  et  injection  perpeadicu- 
laire  A 1 'ecoulement  u'air  ont  pu  ttre  tea tees. 

J-li-  Diapc  >itifs  de  mesure 

Lea  prAlAvamenta  de  gaz  A la  sortie  du  tube  A flamme  sont  effectues  par  une  sonde  refrol.lie 
par  :au  comportant  quinze  orifices  de  prelAvenent  noyenne#  ; la  sonde  pivots  autour  d'un  axe 
•itue  A 380  mm  au-deesus  du  centre  de  la  veine  et  le  bmlayage  aagulaire  peut  s'effectuer  soit 
en  continu  soit  tuns  les  10". 

La  zone  explores  par  rapport  A ia  surface  totale  de  sortie  du  tube  A flamme  eat  reprAseotee 
figure  ?. 

Les  ge>z  sont  aspires  par  une  pompe  A membrane  qui  refoute  dans  les  analyseurs  en  continu, 
pemet.tant  le  dosage  de  CO  et  CO^  par  absorption  infrarouge,  des  hydroear bure*  inbrQles  par 
ionisation  de  Hamate  et  des  oaydes  d* azote  par  chimi luminescence. 

5-3-  RAsultats  d'essais 

L'un  des  problAmes  les  plus  dAlicat*  resultant  de  1 'utilisation  d'un  Aeoulement  prAmAlanye 
d'air  et  de  carburant  prevaporise  eat  ia  difficult^  d'Aviter  touts  auto-inf lemma t ion  ou 
renontAe  de  Hastate  en  ssuint  des  stabilisateurs  de  flamme. 

De  fait,  avec  ia  configuration  A ayant  un  diffuseur  A fort  anyie  au  sonmet,  nous  evons 
observe  A pression  atmospherique  pour  une  temperature  d ‘entree  de  773*K.  des  remontAes  de 
flamme  qui  se  stabi H sent  A ia  paroi  du  diffuseur  dans  ies  zones  deeollAes. 

La  configuration  8 dans  taqueiie  ie  stabi iiaateur  a Ate  dApiaeA  vers  1 ‘amont,  a permis 
d'Aviter  ee^phenomAae  A pression  atmospherique,  mais  it  est  apparu  A une  pression  de 
8, 7. ID3  N/«".  Settles  eertaiaea  configurations  d'injecteurs  donnant  par  ailieurs  de  medioeres 
rAsultats  en  oaydes  d’azote,  done  rAalisant  sans  doute  un  mauvais  premAlaage  ont  permis  de 
fonetionner  dans  eea  conditions. 

La  configuration  C,  eeaque  dans  ie  bet  de  suppriner  les  zones  dAeottAes.  se  caractArise  par 
deux  diffuseur*  de  falbie  angle  au  sonmet  superposes  et  sAparAs  par  un  corps  central.  Cette 
configuration  a of foctivsment  dense  touts  satisfaction  AT  • 773**  juaqu'A  une  pression  de 
4.W5  */•“.  * 
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Indices  d1 emission  et  rendements  de  la  configuration  B - 

Les  indices  d'emission  d'oxyde  d'azote  obtenus  dependent  dans  une  large  mesure  du  systeme 
d'injection  utilise. 

La  figure  8 montre  les  resultats  obtenus  pour  trnis  types  d'injection  dans  les  conditions 
de  fonctionnement  Te  = 773"K,  Pe  = 2,7*10  N/m  . 

En  abscisse  est  ports  le  rapport  d ' equivalen' e $ col  calcule  en  rapportant  le  d£bit  de 
carburant  injecte  au  debit  d’air  entrant  dans  le  conduit  de  melange  ; en  ordonnee  sont 
portes  les  indices  d'emission  d'oxyde  d'azote  mesures  en  integrant  les  valeurs  de  concen- 
trations gazeuses  mesurees  par  1 ' exploration  en  continu  effectuee  a la  sortie  du  tube  a 
f lamme . 

Les  types  de  rampes  experimentees  sont  les  suivants  : 

Courbe  1 : 1 rampe  d'injection  injectant  a contre-courant  et  comportant  15  orifices 
de  0,45  mm  de  diametre. 

Courbe  2 : 2 rampes  d'injection  a contre-courant  et  comportant  chacune  15  orifices  de 
0,8  mm  de  diametre 

Courbe  3 : 2 rampes  d'injection  injectant  perpendiculairement  a l'ecoulement  et  comportant 
chacune  15  orifices  de  0,4  mm  de  diametre. 

On  constate  sur  cette  planche  s ie  po  ir  un  m8me  stabilisateur  et  un  m§me  temps  de  sejour 
(2,3  ms  environ  a <t>  = 0,5)  l'indice  d'emission  d'oxyde  d'azote  varie  de  1,4  a 6 a la 
richesse  nominale  d>  = 0,5  suivant  le  type  d'injection,  done  suivant  la  qualite  du  pre- 
melange . 

Les  ineff icacites  enthalpiques  obtenues  avec  la  configuration  g et  les  dispositifs 
d'injection  decrits  ci-dessus  a Xe  = 773°K  et  Pe  = 2,7.103  N/m  sont  presentes  figure  9* 

On  constate  que  les  rendements  de  combustion  des  configurations  2 et  3 sont  tres  voisma 
pour  <t>  variant  entre  0,4  et  0,6. 

Les  rendements  de  combustion  sont  calcules  suivant  la  formation  classique 

l)„  ■ 1 - (0,24  EIC0  + 1, 16  EICH4  + 0,047  EINO^  ).  10-J 

qui  se  rapporte  a une  combustion  ideale  ne  produisant  que  du  C0^  et  de  l'eau.  En  fait, 
pour  un  degre  d'avancement  de  la  reaction  de  1 qui  represente  la  limite  accessible,  e'est 
i'etat  d'equilibre  qui  est  atteint,  le  renderaent  est  alors  loin  d'etre  egal  a 1 lorsque 
<f>  tend  vers  la  valeur  unite. 

Ceci  pourrait  expliquer  la  remontee  des  rendements  lorsque  <t>  crolt  au-dela  de  0,6. 

D' autre  part,  les  valeurs  relativement  faibles  de  rendement  obtenus  ne  doivent  pas  surpren- 
dre,  compte  tenu  de  la  faible  longueur  du  tube  a flamme  (distance  entre  bord  de  fuite  des 
stabi 1 isateurs  et  plan  de  mesure  voisine  de  280  mm). 

Nous  avons  cherche  a ameliorer  les  rendements  obtenus  et  dans  ce  but,  experimente  un  stabi- 
lisateur de  m8me  blocage  mais  muni  de  bras  radiaux.  Les  resultats  obtenus  sont  represegtes 
par  la  courbe  4 et  une  valeur  de  97,5  % a ete  mesuree  a Te  = 773°K  et  Pe  = 2,7.10">  N/m 
ce  qui  doit  permettre  d'obtenir  un  rendement  satisfaisant  dans  les  conditions  nominales  de 
fonctionnement. 

Indices  d'emission  et  rendement  obtenu  aver  ia  configuration  C 

La  configuration  C qui2a  permis  de  resoudre  le  probleme  des  remontees  de  flamme  a 6te  testee 
jusqu'a  Pe  a 4.103  N/m  a Te  m 773°K  et  a donne  lgs  resultats  suivants. 

Au  point  de  fonctionnement  realise  Pe  = 4.10'’  N/m  , Te  = 773°K  et  <t>  = 0,53  un  indice 
d'emission  d'oxyde  d'azote  de  2 a 8te  obtenu  avec  un  rendement  enthalpique  de  96,5  % ceci 
avec  deux  stabilisateurs  sans  bras  radiaux  et  deux  rampes  d'injection  injectant  perper.di- 
culairement  a l'ecoulement  et  comportant  chacune  30  orifices  de  0,4  mm  de  diametre. 

Si  l'on  se  refere  a la  courbe  de  la  figure  4 tracee  a pc rtir  de  resultats  experimentaux 
d'un  foyer  a premelange  et  stabilisateur  par  grille  perforee  extrapoles  a la  pression  de 
cr  q T1  «•  Tr>  PI 

4. 10J  N/m  et  a Te  = 773°K  (par  EIN0  ( T Pj  = EIN0  (T  P ) x e -■■■■■  . ) 

x 1 1 xoo  230  Po 

on  constate  qu'il  serait  theoriquement  possible  d'atteindre  dans  cts  conditions  un  indice 
d'emission  d’oxyde  d'azote  d'environ  0,8.  II  est  vraisemblable  qu'un  meilleur  melange 
permettrait  sans  doute  d'approcher  ce  resultat. 

Les  essais  realises  ont  d'ailleurs  revele  l'existence  d'un  gradient  de  richesse  non  negli- 
geable  d'un  bord  a l'autre  du  tube  a flamme  en  raison  de  la  variation  de  la  pression 
d'injection  depuis  l'entree  de  la  rampe  d'injection  jusqu'a  son  extremite,  compte  tenu  de 
la  faible  section  droite  des  rampes  utilisees. 

L'exploration  tous  les  10  de^res  du  plan  de  sortie  du  tube  a flamme  a permis  de  d6celer 
ce  phenomena  et  nous  a permis  de  tracer  l'evolution  de  l'indice  d'oxyde  d'azote  en  fonction 
de  la  richesse  locale  mesuree.  La  figure  9 montre  les  resultats  obtenus.  Sur  cette  figure 
sont  presentees  d'une  part,  les  valeurs  locales  pour  lesquelles  le  rapport  d ' equivalence 
mesure  varie  de  0,53  a 0,62  et  l'indice  d'oxyde  d’azote  de  1 a 4,5  et  la  valeur  moyenne 
deduite  de  l'analyse  er.  continu  <t>  mesure  a 0,575  EIN0  = 2,1,  la  valeur  du  col  mesuree 

etant  de  = 0,535.  l'8cart  de  7%  entre  ces  deux  dernieres  valeurs  de  4>  provenant  vralsem- 
blablement  de  l'exploration  incomplete  de  la  section  de  sortie,  compte  tenu  de  la  geometric 
de  la  sonde  . ( f ig . 7 ) 

On  peut  done  esperer  avec  une  homogeneity  plus  grande  atteindre  un  indice  d'oxyde  d'azote 
voisin  de  1 pour  = 0,5  soit  une  valeur  tr8s  proche  de  la  valeur  theorique  estim4e. 
N6anmoins,  le  resultat  acquis  a l'heure  actuelle  sur  le  module  a bns  niveau  d'oxyde  d'azote 
est  tres  encourngeant , puisqu'il  permet  d'esp6rer  atteindre  un  indico  d'emission  d'environ 
3,2  a 4 dans  les  conditions  nominales  repr6sentati ves  dans  le  cas  de  la  croisidre  superso- 
nique  d'un  avion  TSS. 


6.  PROBLEMES  A RESOUDRE 


Horrais  les  probl&mes  de  remontee  de  flamme  dont  nous  avons  deja^parle  et  qui  ont  ete 
resolus,  du  raoins  jusqu'a  une  prassion  de  fonctionnement  de  4.103  N/m  at  la  problems  de  1 ' homo- 
geneity de  la  richesse  du  melange  evoque  plus  haut,  les  problemes  a resoudre  sont  norabreux  ! 
Problemes  lies  au  seul  module  de  croisidre 

- Risques  rt 1 auto-inf lammation  du  melange  air  carburant  en  araont  des  stabilisateurs 

- Tenue  thermique  des  stabilisateurs 

Problemes  lies  a 1 ' association  du  module  de  ralenti  et  du  module  de  croisiere. 

- Repartition  de  temperature  a 1' entree  du  distributeur  turbine  et  variations  en  fonction  des 
regimes  moteur. 

- Regulation  de  l1 injection  du  carburant  entre  les  deux  modules 

- Performances  de  reallumage  en  altitude 

II  est  certain  que  ces  problemes  vont  se  poser  au  fur  et  a mesure  de  l’avancement  des  travaux 
et  ce  d'autant  plus  que  1 ' uti 1 isation  d'un'  telle  charabre  de  combustion  serait  envisagee  pour 
des  moteurs  a taux  dc-  compression  eleve. 

Une  premiere  approche  du  probleme  du  melange  par  jets  des  ecoulements  issus  des  deux  chambres 
a ete  realisee  avec  la  collaboration  de  l'ONERA.  Les  resultats  obtenus  ont  montre  la  difficulty 
de  realiser  une  repartition  de  temperature  satisfaisante  en  amont  du  distributeur  turbine. 

L'etude  de  1 1 inf lammation  spontanee  d'un  melange  air  carburant  entreprise  par  l'ONERA  a notre 
demande  dans  le  cadre  d'un  autre  programme,  a permis  d'obtenir  des  indications  precieuses  sur 
le  comportement  a pression  et  temperature  elevees  d'un  premelange  prevaporise  au  kerosene. 

II  est  vraisemblable  qu'un  compromis  sera  necessaire  aux  pressions  elevees  entre  le  temps 
necessaire  pour  realiser  un  melange  aussi  parfait  que  possible  et  le  temps  de  sejour  limite 
admissible,  compte  tenu  des  phenomenes  d ' r.uto-inf  lammation . 

7.  CONCLUSION 

Nous  venons  d'exposer  la  maniere  dont  a ece  aborde  a la  SNECMA  le  probleme  de  la  reduction 
des  emissions  de  NO  par  les  chambres  de  combustio-'  de  turboreacteurs . 

Nous  avons  montre  que  des  possibilites  potentielles  de  reduction  de  ces  emissions  pouvant  aller 
jusqu'a  des  divisions  par  4 existent,  gr&ce  a la  technique  du  premelange  prevaporise. 

Les  travaux  ne  sont  pas  actuellement  dans  Uii  etat  suffisamment  avance  pour  permettre  de  situer 
les  limites  exactes  d 'uti lisation  de  cette  technique.  II  est  possible  qu'elle  ne  puisse  pas  8tre 
envisagee  sur  des  moteurs  a taux  de  compression  tres  eleve.  Le  temps  necessaire  pour  que  son  uti- 
lisation sur  moteur  d'avion  de  transport  civil,  avec  les  conditions  de  securite  et  de  fiabilite 
requises  est  difficile  a evaluer  aujourd'hui. 

Neanmoins,  nous  ne  pensons  pas  qu'elle  puisse  &tre  envisagee  avant  une  dizaine  c"annees.  D'ici  la, 
bien  des  travaux  de  recherche  et  de  developpement  seront  necessaires. 


DISCUSSION 


G.Winterfeld 

Since  the  eoinbusion  efficiency  of  your  two-module  combustor  is  very  high,  being  well  above  99%  in  a wide  range  of 
mixture  ratios,  there  arises  the  question  of  measuring  or  calculating  the  combustion  efficiency.  Could  you  please 
comment  on  how  the  figures  have  been  obtained? 

Author’s  Reply 

En  fait  nous  utilisons  une  fornule  de  calcul  du  rendement  enthalpique  qui  se  refere  a une  combustion  ideale  ne  pro- 
duisant  que  du  C02  et  de  l’eau;  de  ce  fait  pour  des  richesses  de  l’ordre  de  1 , 1’etat  d’equilibre  est  tel  que  le 
rendement  calcule  de  cette  maniere  n est  pas  proche  de  1 mais  inferieur  a 1 . Ceci  explique,  d’ailleurs,  que  sur  la  vue 
que  je  vous  ai  montree  les  inefficacites  remontent  pour  des  richesses  de  0,8  a 1 compte  tenu  de  la  methode  de  calcul 
du  rendement  basee  sur  les  indices  d emission  de  CO,  CxHy  et  de  NOx.  Nous  sommes  conscients  qu’il  y a la  un 
probleme  de  calcul  du  rendement  dans  les  conditions  de  richesse  elevee. 


D.  Kretschmer 

( 1 ) Pourriez-vous  me  donner  des  details  supplementaires  sur  la  distance  entre  les  injecteurs  et  les  stabilisateurs  ainsi 
que  le  temps  de  residence  et  le  temps  necessaire  pour  l’evaporation  des  gouttelettes? 

(2)  Est-ce  que  le  carburant  est  prechauffe? 

Author’s  Reply 

( 1 ) La  distance  entre  le  nez  des  stabilisateurs  et  l’injection  est  d’environ  180  mm.  Le  temps  de  vaporisation  et  de 
melange  disponible  doit  etre  de  l’ordre  de  la  milliseconde,  le  melange  air-carburant  ayant  une  vitesse  d’environ 
150m/'s  dans  la  veine  d’entree. 

(2)  Non,  le  carburant  n’est  pas  prechauffe.  II  est  chauffe  et  vaporise  par  fair.  D’apres  un  calcul  approche  nous 
estimons  qu’un  pourcentage  d’environ  70%  a 80%  du  carburant  injecte  est  prevaporise. 


D.R.Hounslow 

You  appear  on  the  second  cycle  chamber  to  have  a relatively  narrow  band  of  efficient  operation  with  respect  tc 
changes  in  second  cycle  mixture  strength.  In  view  of  this,  how  do  you  see  the  problems  of  fuel  staging  - over  the 
flight  envelope  between  primary  cycle  only  operating  at  idle  through  off-design  points  before  the  second  stage 
operation  has  been  fully  developed? 

Author’s  Reply 

Nous  n avons  pas  fait  d’etudes  completes  du  fonctionnement  des  deux  modules.  A priori,  la  repartition  du  carburant 
doit  se  faire  de  la  fa<;on  suivante:  au  ralenti,  seul  le  module  de  ralenti  fonctionne.  Au  decollage  et  en  montee, 
compte  tenu  de  la  richesse  necessaire  les  deux  modules,  de  ralenti  et  de  croisiere,  sont  en  fonctionnement  simultanS; 
en  croisiere  le  module  de  ralenti  est  eteint  et  le  module  de  croisiere  anti  NOx  est  seul  en  fonctionement  a une 
richesse  d environ  0,5  de  telle  sorte  que  la  richesse  moyenne  a la  sortie  soit  la  richesse  requise  pour  les  conditions  de 
vol  en  croisiere. 
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1.  INTRODUCTION 

The  feasibility  of  a pre-mixed,  variable  area  combustor  has  been  justified  by  previous  work  [1  & 2] 
both  in  terms  of  construction  and  its  effectiveness  for  pollution  control.  The  theoretical  aspects  were 
discussed  in  [1],  whereas  the  second  paper  [2]  dealt  with  some  more  practical  aspects  and  also,  some  of 
the  design  considerations. 

It  is  the  objective  of  the  present  work  to  justify  some  of  the  design  features  by  presenting  them 
in  more  detail,  especially  with  respect  to  the  construction  of  the  primary  zone  and  its  ancilliary  parts. 
In  addition,  a short  section  has  been  included  to  emphasize  the  practicability  of  the  control  of  the 
three  major  pollutants,  oxides  of  nitrogen,  carbon  monoxide  and  unburnt  hydrocarbons. 

2.  GENERAL  DESCRIPTION  OF  THE  COMBUSTOR 


The  combustor  has  been  designed  to  meet  the  requirements  of  a small,  single-can  engine  having  a re- 
verse flow,  tubular  combustor.  The  size  and  general  geometry  are  indicated  in  Fig.  1.  From  both  manufac- 
turing and  performance  view- 
points, the  entry  section  of  the 
chamber  demands  very  careful 
attention.  The  following  features 
are  the  most  critical  ones  - 


a)  The  air  entry  requires  a 
smooth  aerodynamic  profile. 

b)  Until  it  spills  over  the 
baffle,  it  is  essential  that 
the  airflow  should  always  be 
accelerating.  This  will  mini- 
mise the  possibility  of  flash- 
back of  the  flame  from  the 
primary  zone  to  the  fuel  in- 
jectors. 

c)  In  order  to  meter  accurately 
the  flow  of  air  over  the 
baffle,  the  conical  profile 
will  require  an  accurate 
finish  (±0,025  mm) , 

d)  To  ensure  a good  strong  re- 
circulation downstream  of  the 

baffle, the  latter  must  be  finished  with  a sharp  edge. 

e)  The  combustion  performance  of  a chamber  is  very  dependent  upon  the  pressure  drop  available  to 
create  a stable  aerodynamic  flow  pattern.  A minimum  such  value  is  about  2,5  % of  the  inlet  pressure. 
For  the  purpose  of  this  design,  a 3,0  % pressure  drop  has  been  selected. 

f)  To  facilitate  a smooth  light-up,  a centrally  positioned  pilot  fuel  atomiser  will  be  located  within 
the  downstream  face  of  the  baffle. 

g)  The  materials  of  construction  will  be  those  used  for  existing  conventional  combustion  systems  (e.g. 
stainless  steels,  nickel-base  alloys  etc.). 

The  air  admitted  to  the  primary  zone  is  controlled  solely  by  the  movement  of  the  baffle;  the  remai- 
ning air  ports  (secondary  holes,  dilution  holes,  film  cooling  devices)  have  constant  cross-sectional 
areas.  Thus  the  overall  pressure  drop  through  the  system  is  not  independent  of  operating  conditions. 

Hence,  the  3 X pressure  drop  committment  can  only  be  met  at  a single  design  condition  ( No.  4 in  Table  I). 
The  full  range  of  engine  operating  points  selected  for  design  consideration  is  given  in  Table  I,  condition 
No.  8 being  representative  of  the  ground  idling  case. 

A wide-cut  kerosene  has  been  selected  as  the  fuel  and  its  relevant  properties  are  listed  in  Table  II. 
For  calculation  purposes,  the  air  has  been  taken  as  being  dry,  free  from  CO2,  and  having  a molecular 
weight  of  29.  The  ratio  inerts/oxygen  has  been  assumed  to  be  3,76. 

3.  DESIGN  FEATURES  OF  THE  COMBUSTOR 
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Fig4  1 Layout  of  the  Selected  Combustor 


In  a similar  manner  to  conventional  ones,  the  combustor  may  be  considered  as  comprising  three  zones, 
primary,  secondary,  and  dilution.  The  preliminary  sizing  of  the  chamber  was  described  in  [2],  as  was  the 
assessment  of  the  air  distribution. 

3.1  Primary  Zone  Considerations 

The  size  and  critical  dimensions  of  the  primary  region  were  established  in  the  former  work;  relevant 
data  are  listed  in  Table  III.  The  zone  is  designed  to  operate  at  a near-constant  equivalence  ratio  of  0,8, 
and  stops  are  placed  so  as  to  restrict  the  baffle  movement  such  that  the  primary  zone  mixture  will  main- 
tain combustion  at  all  conditions,  even  if  the  movement  mechanism  fails. 


TABLET 


OVERALL  OPERATING  CONDITIONS  OF  COMBUSTOR 


Cond. 

No. 

Chamber 

Inlet 

Press. 

P2 

Chamber 

Inlet 

Temp. 

r2 

Fuel 

Flow 

*f 

Equiv. 

Ratio 

*0 

Air/Fuel 

Ratio 

A/F 

Chamber 
Air  Mass 
Flow 
m 

a 

P2 

bar 

K 

gmol/s 

- 

(mass) 

gmol/ s 

gmol.K^ 

s.  bar 

1 

6,68 

13b 

0,247 

0,234 

62,86 

75,05 

304 

2 

7,88 

779 

0,326 

0 , 274 

53,62 

84,49 

299 

3 

9,00 

815 

0,407 

0,311 

47,33 

93,12 

295 

4* 

9,60 

810 

0,437 

0,313 

47,02 

99,32 

294 

5 

10,68 

803 

0,508 

0.323 

45,55 

111,85 

296 

6 

12,99 

789 

0,611 

0,323 

45,56 

134,55 

291 

7 

14,99 

787 

0,709 

0,324 

45,36 

155,44 

291 

8 

1,24 

294 

0,026 

0,176 

83.63 

10,51 

145 

Note:  This  condition  has  been  arbitrarily  chosen  as  the  Design  Condition 


TABLE  II 
FUEL  PROPERTIES 


| Composition  C1QH2Q  Molecular  Weight  140 

S.G.  $ 289  K 0,762  j 

Aniline  Gravity  Constant  7030  °F 

Calorific  Value  (nett)  43210  J/g 

Distillation  IBP  330  K 

10*  389  K 

50*  441  K 

90*  487  K 

FBP  510  K 

Average  B.P.  (volume)  446  K 

(molal)  439  K 

Normal  Bubble  Point  389  K j 

Normal  Dew  Point  470  K 

Stoichiometric  A/F  14,71  by  mass 

Critical  Temperature  625  K 

Critical  Pressure  34,5  bar 

Surface  Tension  @ 298  K 2,30  J 

Latent  Heat  (Vap.)  <5  1,0  bar  37660  J/graol 
Smoke  Point  26  mm 

Kinematic  Viscosity 
311  K 1,00  mm2/s 

298  K 1,16 

263  K 1,97 

240  K 2,97 

Specific  Heat  Vapour  Liquid 

273  K 206  J/gmol  270  J/gmol 

373  K 260  323 

473  K 312  377 

TABLE  III 

PRIMARY  ZONE  COMBUSTOR  DATA 


Cond. 

* of  rfl 

”a,PZ 

T 

max.PZ 

$ = 0,8 

Air  Injection  Area 

Duct  Dia. 

A P/P7 

No. 

for 

<J>  = 0,8 

Total 

Baffle 

at  Baffle 

t - 0,8 

gmol/s 

K 

mm2 

mm2 

mm 

* 

1 

29,38 

22,06 

2415 

7243 

2128 

112,74 

4,34 

2 

34,50 

29,13 

2449 

7809 

2694 

115,89 

3,61 

3 

39,00 

36,31 

2465 

8385 

3270 

119,01 

3,04 

4 

39,25 

38,98 

2460 

8419 

3304 

119,19 

3,00 

5 

40,36 

45,14 

2452 

8576 

34  n 

120,03 

2,94 

6 

40,36 

54,62 

24  50 

8576 

3461 

120,03 

2,82 

7 

40,70 

63,30 

2447 

8626 

3511 

12'\29 

2,79 

8 

22,00 

2.31 

2094 

6558 

1443 

108,80 

. ,21 

T 


Fig.  2 Combustor  Head 

Figure  2 indicates  the  general  arrangement  of  the  combustor  head,  and  includes  the  modifications  stemming 
from  the  present  work.  These  latter  have  been  necessitated  by  the  requirement  for  adequate  performance  and 
response  at  the  various  operating  conditions. 

Discussions  following  publication  of  the  earlier  work,  indicated  concern  about  the  functioning  of 
the  fuel  heater,  and  also  the  response  characteristics  of  the  baffle  to  throttle  changes.  Consideration  of 
such  discussions  has  resulted  in  the  removal  of  the  fuel  heater  from  the  outer  annulus  of  the  primary  zone 
and  the  use  of  cold  fuel  within  the  baffle  operating  mechanism.  The  justification  of  the  heat  exchanger 
removal  will  be  given  in  a later  section. 

The  objections  to  the  use  of  hot  fuel  within  the  baffle  mechanism  are  two-fold.  At  deceleration  con- 
ditions there  is  a large  quantity  of  fuel  within  the  mechanism  at  temperatures  and  pressures  above  the  new 
operating  condition.  During  the  course  of  deceleration  the  fuel  pressure  is  reduced,  and  there  is  the 
grave  risk  of  boiling  within  the  pressure  chamber  which  is  situated  behind  the  piston.  The  implications 
of  such  boiling  require  no  further  comment.  Secondly,  a considerable  amount  of  fuel  still  requires  to  be 
exited  from  the  system  in  order  to  permit  the  return  of  the  piston.  As  originally  conceived,  this  could 
only  exit  via  the  fuel  nozzles,  and  at  whatever  rate  they  dictated.  This  rate  might,  or  might  not,  be 
sufficient  to  cater  for  the  required  deceleration.  In  the  new  scheme  (Fig.  2)  the  fuel  injectors  are  fed 
Independently  of  the  pressure  sensing  mechanism,  and  hence  the  fuel  within  the  pressure  chamber  can  be 
removed  through  a spill  device  in  the  control  system.  Such  a device  can  be  of  any  size,  and  the  baffle 
movement  would  then  only  be  limited  by  the  natural  frequency  of  the  system.  Consideration  of  the  present 
mechanism  suggests  that  this  frequency  is  of  the  order  of  ISO  Hz.  As  a design  'bonus',  the  removal  of  the 
hot  fuel  from  the  baffle  mechanism  also  results  in  a simplification  of  the  sealing  problems,  and  the 
spring  mechanisms. 

As  in  the  previous  design,  the  linear  movement  of  the  baffle  (with  a complex  wall  profile)  has  been 
retained  in  preference  to  a simple  wall  and  a complex  baffle  movement.  The  baffle  profile  dimensions  are 
listed  in  Table  IV. 


TABLE  IV 

BAFFLE  PROFILE  DIMENS IONS 


Distance 
from  Stop  1 

0 

1.31 

2.90 

5.02 

5,94 

7,78 

12,63 

17,37 

am 

Duct 

Diameter 

108,80 

112,74 

115,89 

119.01 

119.19 

120.03 

120,03 

120,29 

- 

Cap  Width 

4,40 

6.37 

7,95 

9.51 

9,60 

10,02 

10.02 

10,15 

mm 

1.2  intermediate  and  Dilution  Zones 


Even  though  the  fuel  and  air  are  premixed,  it  is  still  considered  that  an  intermediate  zone  is 
desirable.  This  Is  to  provide  a 'burn-out'  zone  within  a region  which  will  always  operate  at  a sufficient- 
ly weak  condition  so  as  to  ensure  that  equilibrium  conditions  will  not  give  rise  to  sensible  amounts  of 
pollutants, and  also  to  prevent  abrupt  quenching  of  any  partially  completed  ro’setioos  of  the  gases 


emerging  from  the  primary  zone.  The  only  uriique  feature  of  the  proposed  system  (Fig.  1)  is  that  the 
intermediate  air  is  introduced  through  the  secondary  baffle.  The  height  of  the  secondary  baffle  has  been 
chosen  as  sufficient  to  stabilise  the  rcciculation  behind  the  primary  baffle.  However,  the  theory  of 
design,  with  respect  to  baffle  position  and  size,  is  so  sketchy,  that  optimisation  could  only  be  achieved 
by  a short  dcvolopcment  programme. 

The  dilution  2one  is  entirely  conventional  and  requires  no  further  comment.  At  the  design  point 
(Cond.  4,  Table  I)  the  air  distribution  is  that  given  in  Table  V.  For  comparison,  the  estimated  air  dis- 
tribution for  a conventional  combustor  has  been  included  (operating  at  the  same  condition). 

TABLE  V 

AIR  DISTRIBUTION  CHARACTERISTICS  AT  DESICH  POINT 


Condition  No.  4 

Premixed  Combustor 

Conventional 

Combustor 

Primary  Zone  Air 

39,12 

16,19 

X 

Secondary  Zone  Air 

10,0 

6,52 

X 

Dilution  Air 

35,89 

40,34 

X 

Film  Cooling  Air 

14,99 

36,95 

X 

One  of  the  noticeable  features  is  the  reduction  in  the  required  amount  of  film  cooling  air.  The 
major  reasons  for  this  are  (a)  the  operation  of  the  primary  at  a weak  premixed  condition  ( i.e.  lower 
peak  flame  temperature  ) and  (b)  the  fact  that  premixed  flames  are  nun- luminous. 

It  might  be  anticipated  that  this  saving  would  be  reflected  in  an  increased  availability  of  dilution 
air,  but  this  is  not  so,  largely  because  most  of  the  air  thus  saved  is  required  to  ensure  weak  mixture 
operation  within  the  primary  zone,  and'  to  a lesser  extent,  the  secondary  zone.  Due  to  the  premixed  state 
of  the  gases,  it  is  anticipated  that  the  exit  temperature  distribution  will  be  better  than  that  of  a con- 
ventional chamber.  This  may  be  attributed  to  the  reduction  in  peak  temperatures  of  the  gases  leaving  the 
primary  zone,  and  by  the  further  pre-dilution  within  the  secondary  zone.  Because  of  these  characteristics, 
the  concept  of  a pre-mixed  system  should  be  a good  design  for  combustors  operating  with  a very  high 
turbine  inlet  temperature,  a feature  which  may  become  more  important  In  the  near  future. 

3 Fuel  System  Considerations 

The  changes  in  the  proposed  fuel  system  have  been  occasioned  to  facilitate  the  control  of  the  baffle 

movement  and  also  to  Improve  the  control  of  the  heat  transferred  to  the  fuel,  whilst  at  the  same  time 

giving  better  response  characteristics  to  changes  in  engine  conditions. 

In  the  former  work  [2],  It  was  demonstrated  that  there  was  a need  to  have  flash  vapour isatlou  of 
the  fuel,  since  the  times  required  for  the  complete  evaporation  of  the  droplets  at  inlet  conditions  were 
about  an  order  of  magnitude  greater  than  the  mean  residence  time  between  the  commencement  of  injection  and 
the  entry  to  the  combustion  zone.  If  the  injectors  were  to  be  spaced  sufficiently  far  upstream  to  ensure 
evapouratlon,  then  the  dwell  times  would  be  of  the  same  order  as  the  estimated  spontaneous  ignition 
delays. 

An  alternative  system  was  devised  which  preheated  the  fuel  (under  pressure)  such  that  immediately 

upon  escape  from  the  nozzle,  vapourisation  occurred.  In  order  to  obtain  a reasonable  fuel/air  distribution 

in  the  shortest  possible  distance,  a conical  pintle  would  be  Inserted  into  the  nozzle  to  direct  the  fuel 
with  a cone  angle  which  might  range  from  60*  to  110*.  A somewhat  similar  distributor  has  been  used  success- 
fully in  other  pre-mixed  studies  (3). 

There  are  possible  problems  which  might  occur  due  to  such  heating.  The  major  ones  are  : 

a)  the  possibility  of  lacquer  deposition  due  to  thermally  unstable  substances  within  the  fuel.  Such 

deposits  could  bring  about  blockage  of  small  apertures  and/or  decrease  the  efficiency  of  the  heat 

exchanger  due  to  'scaling', 

b)  the  possibility  of  true  thermal  decomposition  (cracking)  caused  by  overheating  at  the  walls, 

c)  the  possibility  of  vapour-lock, 

d)  the  possibility  of  corrosion  due  to  the  hot  fuel. 

Of  these  four  factors,  that  of  lacquering  is  the  most  difficult,  due  to  the  uncertainty  of  predicting 
which  fuel  will  lacquer,  anJ  at  what  conditions.  The  mechanism  of  lacquering  is  generally  accepted  as 
being  the  result  of  some  form  of  oxidation  polymerisation  of  the  Impurities  within  the  fuel,  the  oxidation 
being  brought  about  by  dliolved  oxygen.  Some  metals  accelerate  the  process  (e.g.  copper),  others  do  not 
(e.g.  stainless  steel).  Of  some  slglflcance  is  the  fact  that  deposits  of  this  type  can  be  reduced  by 
appropriate  treatment  at  the  refinery,  although  the  latter  could  increase  the  cost  of  the  fuel  by  about 
20  X.  Over  the  years  there  has  accumulated  a fair  amount  of  experimental  evidence,  but  unfortunately  much 
of  it  is  apparently  contradictory.  Szetela  [5|  has  recently  published  a good  review  of  the  problem,  which 
also  demonstrates  some  of  the  contradictions.  For  instance,  a substantial  reduction  in  deposits  can  occur 
if  the  fuel  is  deoxygenated.  For  the  range  of  wall  temperatures  anticipated  for  the  present  work  (320  to 
600  K),  a potential  reduction  of  the  rate  of  deposition  of  about  two  orders  of  magnitude  seems  possible. 

On  the  other  hand,  it  is  also  claimed  that  substantial  t eductions  in  deposits  can  result  from  aerating 
the  fuel.  As  would  be  anticipated.  Increased  fuel  velocities  (i.e.  low  residence  times)  lessen  the  fuel 
deposits.  Currently,  there  are  Insufficient  data  to  be  able  to  predict  the  rate  of  deposition  for  any  fael 
at  any  operating  condition;  one  may  only  attempt  to  incorporate  design  features  within  the  fuel  heater 
which  will  minimise  the  possible  effects. 

The  lowest  temperature  at  which  the  fuel  commences  to  crack  is  about  630  K,  which  is  sufficiently 
above  the  scheduled  bulk  fuel  temperature  so  as  to  preclude  the  possibility  of  eraeutng  other  than 
(possibly)  at  the  walls.  Since  the  air  temperature  never  exceeds  815  K,  it  seems  unlikely  that  (gas  side 
controlling)  the  wall  temperatures  will  be  excessive.  Calculations  indicate  that  the  maximum  inside  wall 
temperature  would  be  of  the  order  of  600  K. 


Vapour  lock  nay  be  suppressed  providing  that  the  fuel  pressure  Is  kept  above  the  bubble  point 
pressure  corresponding  to  the  fuel  temperature. 

Corrosion  by  the  fuel  can  be  eliminated  by  selecting  the  appropriate  stainless  steels  for  construc- 
tion of  the  fuel  system. 

3.3.1  Design  Features 

The  fuel  system  will  be  sited  in  the  annular  section  connecting  the  compressor  discharge  and  the 
combustor.  For  the  engine  application  here,  this  annulus  has  the  following  dimensions  - 
O.D.  340  mm,  I.D.  230  mm.  To  facilitate  control  of  the  air  passing  over  the  heat  exchanger,  this  annulus 
will  be  subdivided  into  two  concentric  annuli  having  the  following  gap  widths  - inner  annulus  12  mm, 
outer  annulus  43  mm.  Air  flow  to  the  two  annuli  would  be  controlled  by  an  lrls-dlaphragm  type  of  valve. 

The  heat  exchanger  will  be  fitted  inside  the  outer  annulus  and  will  take  the  form  of  a stainless 
steel  coll,  bearing  fins.  For  this  example,  the  coil  will  be  considered  to  be  a tube  (13,9  mm  O.D.,  12,5 
mm  I.D. ) , having  circular  fins  of  diameter  41  mm  and  spaced  at  2,5  m Intervals.  Tills  heater  will  be  used 
to  preheat  the  fuel  to  temperatures  corresponding  to  the  dew  point  temperature.,  at  the  operating  pressures 
within  the  combustor.  The  calculations  indicate  that  a tube  length  of  3100  mm  should  be  appropriate  (i.e. 
approx.  3 1/3  coils).  The  equations  used  to  estimate  the  bubble  and  dew  points  are  - 


lg  Pg  = 4.0726  - 

1584, 25«T 

(1) 

lg  Pp  = 6,2008  - 

2914, 41ST 

(2) 

These  equations  have  been  derived  by  consideration  of  the  critical  data  and  the  normal  bubble  and  dew 
points  roported  in  Table  II.  The  estimated  performance  of  the  fuel  heater  is  listed  in  Table  VI. 


TABLE  VI 

PERFORMANCE  OF  THE  FUEL  HEAT  EXCHANGER 


Cond. 

No. 

Air  Press. 

P = P 
2 u 

Dew  Point 
Temp,  at 

p2  <=  rf> 

bubble  Pt. 
Pressure 
at  T(  (PB) 

Actual  Fuel 
Pressure 

Pf 

Air  Temperature 
Prehec*  er 

Total 

amf 

X of  amf 
to  Heat 
Exchanger 

Inlet 

Outlet 

bar 

K 

bar 

bar 

K 

K 

gmol/s 

i 

6.88 

542 

14.11 

10,62 

735 

689 

75,05 

20,6 

2 

7,88 

549 

15,38 

18,62 

779 

724 

84.49 

21.1 

3 

9,00 

555 

16,52 

28,96 

815 

755 

93,12 

22.3 

4 

9.60 

558 

17,12 

33*44 

810 

758 

99,32 

26,1 

5 

10,68 

563 

18,14 

42.33 

803 

764 

111,85 

36,4 

6 

12.99 

570 

20,31 

65,50 

789 

767 

134,55 

65,7 

7 

14,99 

580 

21.93 

87,97 

787 

772 

155,44 

100 

If  the  results  given  above  are  reviewed  in  the  light  of  the  previous  discussion,  one  may  deduce  - 

a)  the  final  fuel  temperatures  have  values  corresponding  to  the  region  where  substantial  lacquering  may 
be  experienced.  However,  the  tube  diameter  is  cooparltlvely  large,  and  blockage  may  not  be  a problem. 
Loss  of  heat  transfer  efficiency  may  necessitate  a somewhat  larger  heater  than  that  given  above. 

Since  there  Is  no  means  of  predicting  the  behaviour  of  any  given  fuel,  it  Is  anticipated  that  some 
separate  developement  work  will  be  required  In  this  area.  Previous  test  rig  experience  with  a 
similar  heater  gave  no  Indication  of  problems,  although  he  operating  time  was  only  a total  of  about 
fifty  hours. 

b)  Fuel  cracking  should  be  Insignificant,  since  the  highest  predicted  wall  temperature  was  estimated 
at  590  K. 

c)  There  la  a possibility  of  vapour  lock  at  Condition  1,  but  this  could  be  overcome  by  a small  reduc- 
tion of  flow  number  of  the  main  fuel  atomisers.  However,  the  uncertainty  of  the  bubble  and  dew  point 
data  suggests  that  such  a change  should  not  be  Introduced  prior  to  the  preliminary  testing  of  the 
unit. 

It  may  thus  be  concluded  that  a heat  exchanger  of  the  above  type  is  feasible  from  every  aspect, 
except  possibly,  that  of  thermal  Instability  of  the  fuel.  Even  with  respect  to  this  latter,  the  chances  of 
successful  developement  must  be  rated  as  fairly  high. 

As  before,  the  Ught-up  and  Idling  condition  would  be  met  by  means  of  a Simplex  pilot  atomiser.  The 
advantages  and  disadvantages  of  such  a system  have  been  diseussed  elsewhere  [2],  The  use  of  such  a pilot 
minimises  the  possibility  of  flashback  over  the  baffle  to  the  main  fuel  injectors.  The  experience  of  Roy 
et  al  (3)  confirms  the  suitability  of  the  use  of  a pilot. 

4.  COMBUSTOR  PERFORMANCE 


The  methods  used  to  predict  the  combustor  performance  were  diseussed  in  the  former  paper  [2],  and 
need  not  be  repeated  here.  However,  a further  review  of  the  available  data  [3,6]  has  shed  a little  more 
light  on  the  performance  of  premised  systems.  The  chamber  used  for  the  reported  work,  was  a 90*  seetor  of 
a small  annular  chamber  (radii  163  and  101  wm)  fabricated  with  ceramic  walls,  so  as  to  minimise  heat 
losses  and  prevent  quenching  at  the  walls.  Cas  samples  may  be  taken  at  several  planes  spaced  from  the  com- 
bustor exit  (corresponding  to  the  normal  primary  tone  exit)  to  a plane  Immediately  downstream  of  the  re- 
circulation tone  associated  with  the  primary  baffle.  This  chamber  operates  with  a nominal  inlet  Mach  No. 
of  0,04  and  with  an  overall  pressure  loss  of  4 X. 

The  combustion  efficiency  data  from  [3]  (combustion  in  air,  unadultered  by  steam)  may  be  represented 


(3) 


by  an  equation  of  the  Odgers-Carrler  type  7, 
lg  lg  lit,  = 1,699  lg<*fA"  PH 
Units  : ib/s,  ft-*,  atm 


and  for  weak  mixtures  this  is  - 
) - 1,191  $ t 0,9022 


Using  Eqn.  (3)  to  predict  the  end  efficiencies  for  the  present  combustor  yields  for  all  conditions 
(except  idling  No.  8,  not  applicable)  an  end  efficiency  of  99,9+  Z.  On  the  basis  of  this,  it  would  seem 
that  the  combustor  would  exhibit  no  pollutant  problems  due  to  incomplete  combustion  products  (CO  & UHC). 


Recently,  measurements  have  been  made  of  NOx,  using  the  premixed  sector  of  Roy  ct  al.  [6],  The  new 
data  are  plotted  against  the  simple  correlation  curve  proposed  by  Kretschmer  ct  al.  [8].  The  data  show 
sensible  agreement  with  the  scattet  band  (Fig.  3)  and  lend  a measure  of  confidence  to  the  predictions  made 
in  (21. 


TABLE  VII 

NOx  PREDICTIONS  FROM  [21 
Cond.  NOx 


No. 

Premix 

Conventional 

1 

3,0 

20 

2 

4.2 

30 

3 

4,9 

47 

4 

4,8 

45 

5 

9,7 

42 

6 

9,5 

40 

7 

9,5 

40 

8 

2,1 

2,1 

in 

g/kg  fuel 

4.1  Performance  at  Idling 


There  has  been  no  change  in  the 
concept  of  the  design  for  the  id- 
ling condition,  and  the  pilot  sys- 
tem will  be  used.  Since  there  is 
no  easy  means  of  preheating  and 
flash-vapourising  this  fuel,  the 
combustor  performance  at  this  con- 
dition will  be  similar  to  that  of 
a conventionul  chamber.  However, 
the  injector  has  only  to  cater  for 
a sing}*  operating  condit,.m,  and 
thus  it  shouli  be  possible  to  de- 
velope  the  system  to  yield  an 
acceptable  coeibustion  efficiency. 
This  was  indicated  in  [2], 


Fig.  3 NOx  Found  in  Cas  Turbine  Exhaust  (as  NO2) 
S.  HALL  COOLING 


None  of  the  modifications  proposed  in  the  present  chamber  will  alter  the  air  distribution  from  that 
given  previously  (21.  Hence  the  wall  temperatures  will  remain  as  they  were  (Table  VIII) 

TABLE  VII 1 

PREDICTED  VtfjLL  TEMPERATURES 


| Condition  No. 

i 

2 

3 

4 

5 

6 

7 

8 

Primary  Zone 

IV- 7 9 

1225 

1266 

1258 

1256 

1250 

1263 

me  k 

Maximum 

Uall 

Secondary  Zone 

1C25 

mo 

1195 

1202 

1198 

1203 

1202 

630  K 

Temperatures 

Dilution  Zone 

10. >3 

1092 

1173 

1176 

1198 

1188 

1193 

634  K 

6.  TRAVERSE  QUALITY  AT  THE  COMBUSTOR  OUTLET 

The  dilution  system  used  la  quite  convene  tonal  and  one  might,  therefore,  expect  a aiitilar  tempera- 
ture distribution  to  a none-premtxed  chamber  operated  at  the  same  conditions.  Due  to  the  ptemixed  entry 
conditions  to  the  primary  aone,  and  to  the  ieaa  mixture  operation,,  the  gases  leaving  a prealxed  primary 
tone  will  be  much  sore  homogeneous  than  those  within  a standard  chamber.  For  this  reason,  tie  duty  of  the 
secondary  and  dilution  mixing  devices  are  not  so  difficult,  and  one  might  confidently  expec  : a better 
traverse  for  the  premixed  chamber.  In  the  conventional  ehamber,  a big  proportion  of  the  air  la  used  for 
the  purpose  of  film  cooling  and  this  also  detracts  from  the  mixing  quality.  The  premixed  ehamber  only 
requires  about  half  the  air  for  film  cooling,  and  should  consequently  be  better  sixed. 


tasaas 


7.  CONCLUSIONS 


The  present  results  confirm  the  previously  reported  study  [2]  as  to  the  viability  of  a premixed  com- 
bustor with  variable  area  control  of  air  distribution. 

The  predicted  performance,  based  upon  experimental  data  from  a premixed  (but  not  variable  area)  com- 
bustor, suggests  that  all  pollutants  may  be  controlled  to  meet  environmental  restrictions,  except  possibly 
at  idling,  where  the  combustor  functions  in  a conventional  manner. 

By  using  a moveable  baffle,  actuated  by  the  fuel  pressure,  the  air  distribution  must  follow  the 
engine  response  to  changes  of  operating  conditions.  The  inclusion  of  stops  limits  the  baffle  movement,  and 
provide  a fall-safe  action  by  ensuring  combustion  at  all  operating  conditions. 

The  need  to  vapourise  the  fuel  immediately  upon  injection  (to  ensure  adequate  mixing)  necessitates 
the  use  of  a flash  vapourising  system. 

In  order  to  ensure  adequate  response  of  the  baffle  movement  to  changes  of  engine  conditions,  it  is 
desirable  that  the  fuel  which  operates  the  piston,  (which  governs  the  baffle  movement),  be  both  cold  and 
independent  of  the  injectors.  This  has  resulted  in  the  fuel  heating  system  being  placed  in  the  annular 
section  between  the  compressor  discharge  and  the  combustoi . To  facilitate  control  of  fuel  temperature, 
this  annulus  will  be  needed  to  be  sub-divided,  and  the  air  flow  into  each  annulus  will  be  metered  by  means 
af  a single  iris-diaphragm  valve. 

The  fuel  heater  can  be  designed  to  eliminate  cracking,  vapour  lock  and  fuel  corrosion,  but  there  is 
no  guarantee  that  thermal  instability  will  not  result  in  lacquering.  An  attempt  has  been  made  to  minimise 
this  latter  by  (a)  using  a wide  bore  tube  and  (b)  inserting  a filter  after  the  heat  exchanger.  However, 
it  is  anticipated  that  some  developement  might  be  needed  to  meet  this  problem. 
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NOMENCLATURE 


A/P 

Alr/fuel  ratio  by  mass 

- 

P 

Pressure 

(Eqn.  3:  atm) 

bar 

T 

Temperature 

K 

V 

Combustion  volume 

(Eqn.  3:  ft3) 

n.a. 

♦ 

Equivalence  ratio 

- 

n 

Combustion  efficiency 

- 

rfi 

Mass  flow 

(Eqn.  3:  lb/s) 

gmol/s 

Indices: 

a 

Air 

B 

Bubble  point 

1) 

Dew  point 

f 

Fuel 

0 

Overall 

2 

Inlet 
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DISCUSSION 


H.Alirendt 

Do  you  think  that  in  further  development  you  can  reduce  pressure  losses  to  those  of  conventional  combustors? 

Author's  Reply 

The  value  of  3%  pressure  loss  is  that  of  a conventional  combustor,  although  it  rises  to  4%  at  one  operating  condition. 
This  is  because  with  variable  area  baffle,  the  pressure  loss  must  change  with  conditions  due  to  the  change  in  restric- 
tions. Many  conventional  combustors  still  operate  with  5%  loss,  so  I don't  think  we  are  excessive  in  accepting  4%  at 
a single  condition. 


G.WinterfcId 

In  the  conclusion  in  your  paper  it  is  stated  that  the  fuel  for  operation  of  the  baffle  will  be  cold.  C ould  you  please 
specify  what  temperature  range  has  to  be  used? 

Author's  Reply 

Approximately  300  K was  assumed  to  be  the  delivery  from  the  fuel  pump  though  it  would  pick  up  a small  amount 
of  heat  from  the  inlet  air  steam. 


G.VVinterfeld 

Then,  if  the  figure  is  300  K,  how  would  you  sustain  this  figure  in  operational  environment?  The  engine  heats  up  if 
it  runs  for  several  hours  and  the  temperature  of  the  fuel  may  well  come  above  300  K. 

Author's  Reply 

I think  that  it  still  would  be  acceptable  with  any  normal  engine  pump  or  any  wing  temperature  rise.  What  1 am 
implying  is  that  it  cannot  be  permitted  to  approach  the  flash  vaporisation  temperature. 


D.R.Huunslow 

Do  you  feel  that  at  the  relatively  low  design  air  casing  Mach  number  you  have  chosen  M = 0.03  I believe,  that  the 
simple  baffle/soeondary  bailie  configuration  is  the  optimum  Home  stabilisation  device  to  chose? 

Author's  Reply 

I agree  that  a Mach  No.  of  0.03  is  not  the  best  operating  numbe.  necessarily.  This  was  selected  because  this  gave  us 
approximately  the  3%  pressure  loss  we  wanted.  Personally,  1 would  prefer  to  see  a somewhat  higher  Mach  number 
(about  0.05),  but  this  would  have  to  pay  the  penalty  of  an  increased  pressure  loss.  It  is  a matter  of  weighing  the 
balance  between  pressure  loss  and  what  you  would  like  in  terms  of  combustor  velocity.  In  fact,  generally  speaking 
a somewhat  1 uglier  Mach  number  would  be  desirable,  at  least  from  the  combustion  viewpoint. 


R.M. Denning 

Have  you  considered  that  the  pressure  drop  in  the  combustion  dumber  may  be  defined  by  the  requirement  to  cool 
the  HP  turbine  stator  and  that  the  figure  of  3 4%  loss  may  be  as  high  as  5 - 5Vj%? 

Author's  Reply 

Obviously,  if  such  an  event  happened,  we  would  require  a design  modification  but  in  fact  (as  I have  indicated  in  the 
previous  discussion)  I would  be  prepared  tu  accept  the  higher  pressure  toss  because  it  has  a higher  mixing  potential 
etc.  and  it  would  be  be  ue  fie  id  with  regard  the  combustion  processes. 


THE  VARIABLE  GEOMETRY  COMBUSTOR 
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SUMMARY 

An  attempt  Is  made  to  review  tioth  the  concept  of  variable  geometry  as  It 
applies  to  the  control  of  emissions  from  gas  turbine  cot&ustors,  and  also 
to  the  potential  of  a novel  fluidic  device  to  put  the  concept  Into  practice. 
This  method  Is  based  upon  the  use  of  a bled-vorte*  generated  to  control 
and  vary  the  air  distribution  characteristics  within  the  combustor  liner, 
and  experimental  data  are  given  from  the  first  'cold'  tests  carried  out 
with  the  device. 

The  conclusions  made  In  the  report  are  that 

• although  significant  emissions  reductions  can  be  achieved  by  the  use 
of  variable  geometry.  It  Is  unlikely  that  the  level  of  reduction 
attained  will  be  sufficient  to  exceed  the  appropriate 

US  Federal  Standards  for  civil  aircraft  engines. 

• the  vortex- contra lied,  variable  geometry  combustor  has  potential  for 
further  development. 


1.  INTRODUCTION 

The  pollutant  emissions  levels  from  aircraft  gas  turbine  engines  must  be  significantly  reduced 
In  the  future  If  they  are  to  satisfy  the  current  United  States  Federal  Standards1.  The  1981  Standards 
require  that  the  oxides  of  nitrogen  be  reduced  to  approximately  one-third,  and  the  carbon  monoxide  to 
below  one-twentieth  of  the  levels  which  are  exhausted  from  today’s  engines.  Efforts  to  produce  such 
low-emission  combustors  have  taken  many  different  paths  In  recent  years  and  the  subject  of  this  report 
Is  that  path  which  has  become  referred  to  as  variable  geometry.  The  term  ‘variable  geometry’  Implies 
that  the  air  distribution  characteristics  within  the  gas  turbine  combustor  liner  can  be  made  to  vary 
with  changes  In  engine  power  level,  and  Its  name  has  been  derived  due  to  the  fact  that  these  changes 
were  first  effected  by  making  modifications  to  the  liner  geometry  by,  for  example,  mechanical  variation 
of  the  size  of  the  liner  holes. 

This  report  attempts  to  present  the  basic  reasons  for  the  effectiveness  of  variable  geometry,  to 
describe  the  limitations  of  the  method  and  also  to  present  the  first  ’cold’  results  obtained  from  an 
experimental  programne  aimed  at  producing  a system  which  employs  a special  fluidic  device  to  control  and 
vary  the  air  distribution  characteristics  in  the  liner. 


2.  POLLUTANT  EMISSIONS  AND  THE  VARIABLE  GEOMETRY  COMBUSTOR 
2. 1 Formation  of  Pollutant  Species 

The  sources  of  the  pollutants  of  interest  >n  an  alreraft  gas-turbine  combustor  are  reasonably  well 
understood,  and  are  directly  related  to  the  temperature-tlme-composltlon  histories  of  all  the  fluid 
elements  in  the  combustor.  Carbon  monoxide.  CC,  is  an  incomplete  product  of  combustion,  formed  in 
substantial  quantities  in  the  primary  tone.  It  undergoes  oxidation  to  CO?  in  the  primary  and  inter- 
mediate canes,  and  this  rate-limited  step  greatly  influences  the  concentration  of  CO  in  the  exhaust 
gases.  CO  emissions  are  at  their  maximum  at  low-power  conditions  when  the  combustor  is  operating 
close  to  the  week-extinction  limit,  the  bulk  temperatures  are  lew,  and  the  oxidation  rates  are  slow. 

The  presence  af  hydrocarbons  (KC)  in  the  exhaust  Is  due  largely  to  unbumd  fuel  and  par* .ally  oxidised 
products  whieh  find  their  way  into  the  cooling  films  within  the  combustor  liner,  and  like  CO,  these 
emissions  are  also  highest  at  low-power  conditions. 

Engine  smoke,  mostly  earbon.  is  formed  in  the  primary  tone  in  fluid  elements  with  rteh  fuel-air  ratios, 
and  consequently  are  at  a maximum  at  high-power  conditions.  The  oxides  of  nitrogen,  whieh  comprise 
mostly  nitric  oxide  (NO),  are  formed  in  the  high  temperature  regions  of  the  primary  and  intermediate 
tones,  and  in  fluid  elements  with  equivalence  ratios  nee*  unity;  t*rtr  fomation  rate  is  characterijed 
by  a very  strong  dependence  upon  temperature.  Due  to  the  relatively  stow  reconversion  process  of  NO 
to  N£  and  0; . nnce  formed,  it  remains  in  the  exhaust  gases  and  is  most  prevalent  at  high-power  con- 
ditions where  the  bolt  temperatures  are  maximusi. 


Accurate  predictions  of  the  emission  levels  of  all  the  species  considered  above  cannot  be  made,  but 
an  Indication  of  the  dependence  of  the  species  of  primary  concern,  namely  NO  and  CO,  upon  the 
combustor  operating  conditions  can  be  obtained  from  the  data  In  Tables  1 and  2 below. 


TABLE  1 

NO  FORMATION  CHARACTERISTICS 
AT  FULL-POWER  CONDITION 


Equivalence  Ratio 

Flame  Temp. 
(Typical) 

Concentration  in  g/fcg  Fuel 
NO 

♦ 

°K 

Equil. 

Formed 

0.4 

1610 

90 

0.0 

0.6 

1989 

180 

0.1 

0.8 

2310 

200 

16 

1.0 

2500 

110 

40 

1.2 

2470 

20 

6 

TABLE  2 

CO  FORMATION  CHARACTERISTICS 
AT  IDLE  CONDITION 


Equivalence  Ratio 

Flame  Temp. 
(Typical) 

Concentration  in  g/ltg  Fuel 
CO 

0 

°K 

Equil. 

Formed 

0.4 

1380 

0 

2000 

0.6 

1750 

2 

1726 

0.8 

2080 

21 

29 

1.0 

2300 

197 

197 

1.2 

2250 

784 

942 

L— « 

tn  both  tables,  a comparison  Is  made  between  the  concentration  levels  that  are  formed  at  the  exit  of  the 
primary  tone  of  the  combustor  with  those  that  would  exist  if  equilibrium  conditions  were  to  be  achieved. 
The 'data  Tn  Table  1,  calculated  by  the  method  given  in  Reference  2.  dearly  indicates  two  Important 
factors  in  NO  formation;  firstly  that  the  concentration  levels  formed  are  well  below  equilibrium 
conditions,  and  secondly  that  there  are  two  orders  of  magnitude  increase  in  NO  formed  as  the  fuel-air 
equivalence  ratio  changes  from  0.6  to  0.1  (or  as  the  temperature  changes  from  2000  to  230Q°K).  The 
CO  formation  data  in  Table  2 was  calculated  on  the  assumption  that  the  fuel  is  instantly  oxidised  to 
CO  and  that  the  CO  is  further  oxidised  by  reaction  with  the  OH  specie.  The  results  indicate  that  low 
CO  levels  ean  only  be  achieved  in  a narrow  range  of  equivalence  ratios  from  approximately  0.7  to  0.9 
(i.e.  for  temperatures  from  1900  to  2100®*).  It  is  important  to  note  that  at  ratios  below  0.7  the  CO 
levels  are  high  due  to  the  slow  rate  of  oxidation  whereas  at  ratios  above  0.7  they  are  high  because 
they  reach  equilibrium  conditions.  These  CO  equilibrium  values  take  no  account  of  the  oxidation 
reactions  that  occur  beyond  the  primary  jane  of  the  combustor  so  they  must  be  used  with  eare. 
Experimental  evidence  shows  for  example,  that  CO  levels  from  combustors  operating  at  high-power 
levels  where  the  mass-mean  primary  cone  equivalence  ratio  is  near  unity,  are  usually  less  than  tQo'kg 
fuel  rather  than  at  the  200  equilibrium  value  which  corresponds  to  the  primary  tone  condition.  Hence 
the  oxidation  reactions  must  play  a scry  significant  role  at  this  condition.  Perhaps  the  most 
important  conclusion  that  can  be  made  from  these  approximate  calculations  are  that  emission  levels  of 
both  K3t  and  CO  are  extremely  sensitive  to  the  temperature  histories  within  the  combustor.  A low 
emission  combustor  can  only  be  developed,  therefore,  if  the  design  permits  close  control  of  the 
temperature  histories  within  the  eonbustor  at  all  engine  operating  conditions. 


2.2  Variable  Geometry  Combustion 


The  practical  difficulties  in  developing  the  low-emission  combustor  are  substantial,  both  in 
achieving  the  homogeneous , or  near-homogeneous  conditions  implied  By  the  results  given  above,  and 
also  In  maintaining  a limit  to  the  equivalence  ratio(s)  withii  the  combustor  over  the  wide  range  of 
operating  conditions  through  which  the  aircraft  gas  turbine  must  operate.  The  homogeneous  state 
can  only  be  app:  cached  if  complete  pre-mixing  of  the  fuel  with  primary  zone  air  takes  place  beiore 
combustion,  and  the  full  potential  of  the  variable  geometry  concept  is  only  realised  if  this  is 
carried  out. 


Present-day  combustors,  however,  operate  with  fuel  injection  directly  into  the  combustor  which 
results  in  combustion  taking  place  in  numerous  fluid  elements  over  a wide  range  of  equivalence 
ratios. _ A combustor,  or  combustion  region,  can  be  characterised  by  the  mass-mean  equivalence 
ratio,  (or  $p  for  the  primary  zone)  but  it  is  clear  from  the  discussion  above  that  the  distri- 
bution of  equivalence  ratios  about  this  mean  are  as  important  as  the  mean  itself  in  influencing 
emission  levels.  As  a result  of  this  factor,  the  rate  of  change  of  NO  and  CO  with  ^ for  such 
systems  cannot  be  expected  to  be  nearly  so  rapid  as  the  data  in  the  two  tables  would  imply,  and  in 
addition  neither  specie  can  be  expected  to  go  to  the  zero  concentration  level  as  there  will  always 
tend  to  be  some  hot  regions  to  grnerate  NO,  and  cold  regions  toproduceCO.  A basic  feature  of  gas 
turbine  combustors  is  that  if  they  are  operated  with  conventional  fuel  systems,  they  then  exhibit  a 
characteristic  C0-N0x  relationship  similar  to  that  shown  in  Figure  1 (see  reference  3),  and  even  if 
variable  geometry  is  employed  with  these  system.,  then  relatively  little  departure  from  this  character- 
istic curve  can  be  anticipated.  Consequently  the  potential  of  this  approach  to  pollution  control 
relates  to  the  position  of  this  characteristic  relative  to  the  emission  standards  required.  For 
aircraft  engines  the  present  standards  correspond  to  emission  indices  of  approximately  8g/kg  fuel  for 
both  pollutant  species.  These  criteria  tend  to  fall  close  to  the  characteristic  of  most  aircraft  gas 
turbines,  as  is  shown  in  Figure  1,  which  would  indicate  that  they  may  be  achieved  by  the  use  of 
variable  geometry  providing  very  close  control  is  maintained  on  the  combustion  zone  conditions.  In 
practice  this  is  not  feasible  because  although  the  high  vnd  medium  power  levels  may  be  operated  near 
to  the  8:8  point,  it  is  not  possible  to  reach  this  point  during  the  idle  c;: edition  due  to  the  limit  in 
flame  temperatures  imposed  by  the  low  combustor  inlet  temperature.  If  the  limitations  imposed  by  the 
C0-N0x  characteristic  are  accepted,  therefore,  it  must  be  considered  necessary  to  incorporate  an 
additional  control  technique  such  as  fuel-air  premixing,  if  the  emission  levels  are  to  be  comfortably 
below  the  1981  Aircraft  Standards. 


Despite  these  limitations,  it  is  clear,  however,  that  substantial  reductions  in  N0X  and  CO  emissions 
can  be  achieved  by  the  application  of  the  variable  geometry  concept.  Its  potential  has  been  fully 
confirmed  experimentally  by  many  workers'*  in  the  last  few  years  but  more  ingenuity  and  development 
is  required  in  the  design  and  :ontrol  sysi.'ms  necessary  for  the  concept  before  it  can  find  wide 
application  in  practical  gas  turbine  engines. 


3.  THE  APPLICATION  OF  VORTEX  FLOW  CONTROL 


Many  techniques  have  been  proposed  and  developed  for  varying  anv,  controlling  the  air  flow 
distribution  characteristics  in  combustors  but  nearly  all  have  involved  the  use  of  moving  parts 
either  adjacent  to  the  hot  walls  of  the  combustor,  or  in  the  air  inlet  stream. 

One  novel  approach  that  has  recently  been  studied  at  Cranfleld  involves  the  use  of  the  vortex  flow 
control  principle  which  was  pioneered  by  Adkins5.  A simple  piece  of  hardware  has  been  built  involving 
this  principle  with  the  objective  of  producing  a system  with  a range  of  primary  zone  air  flows  from 
28  to  38  percent.  This  range  was  selected  on  the  basis  that  it  represented  the  minimum  range  to 
produce  the  lowest  emissions  from  a specific  combustor  with  known  C0-N0x  characteristics*.  The  study 
was  the  subject  of  the  student  dissertation  project6  and  will  be  described  together  with  a brief 
explanation  of  the  principle  of  vortex  flow  control. 

3.1  Vortex  Flow  Control 


Over  the  past  few  years  the  principle  of  vortex  flow  control  has  been  applied  to  a range  of  short 
diffusers  (with  an  Included  angle  of  30°)  each  with  a differing  area  ratio  and  geometric  configuration. 
In  all  oases,  the  problems  of  substantial  pressure  loss  and  flow  instability  that  normally  results 
due  to  such  short  lengths  have  been  avoided  by  the  presence  of  the  vortex,  and  the  measured  static 
pressure  recoveries  have  been  higher  than  those  which  may  be  obtained  using  conventional  aerodynamic 
designs.  The  application  of  the  principle  does,  however,  require  a small  fraction  of  the  mainstream- 
air  to  be  bled  from  the  vortex  chamber  to  maintain  stability  and  further  research  is  in  progress  to 


* The  data  given  in  Section  2.1  Indicates  that  homogeneous  combustion 
systems  require  a wider  range  of  air  distribution  characteristics.  To 
achieve  a fixed  $ of  0.7,  for  example,  would  require  a range  between 
20  percent  PZ  air  at  idle  to  40  percent  PZ  air  at  full  power  according 
to  the  schedule  given  in  Figure  2. 
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minimise  the  level  of  air  bleeding  required.  The  results  obtained  to  date  clearly  show  the  bleed 
levels  to  be  well  below  that  required  by  the  more  conventional  diffusers  which  operate  with  boundary 
layer  suction  to  reduce  diffuser  lenqth. 

The  simplicity  of  construction  required  to  produce  a tubular  vortex  controlled  diffuser  is  demon- 
strated by  the  design  sho’un  in  Figure  3.  The  amount  of  bleed  required  from  this  method  of  approach 
has  been  found  to  be  very  sensitive  to  the  position  and  size  of  the  vortex  fence  located  just  down- 
stream of  the  diffuser  throat.  A full  description  of  the  flow  structure  postulated  to  occur  at  the 
vortex  is  given  in  Reference  5,  where  the  case  is  also  made  that  the  structure  is  inherently  stable. 

A typical  performance  characteristic  of  a VFC  diffuser  is  shown  in  Figure  4,  which  relates  the  static 
pressure  effectiveness  n (defined  in  the  figure),  to  the  quantity  of  bleed  air  taken  from  the  vortex 
chamber.  The  characteristic  is  almost  step-shape,  with  the  big  improvement  in  performance  occuring 
from  points  (b)  to  (c)  in  the  figure,  and  the  quantity  of  bleed  at  the  point  (c)  has  been  defined  as 
the  "minimum  bleed  requirement,  Bc".  Correlations  have  been  obtained  from  these  research  studies 
which  permit  values  of  Bc  and  n to  be  estimated  for  any  new  applications.  These  correlations  indicate 
that  both  quantities  are  dependant  primarily  upon  diffuser  configuration  and  the  flow  distortion 
characteristics  at  the  inlet,  and  that  the  application  of  the  technique  in  a typical  gas  turbine 
engine  will  require  less  than  three  (3)  percent  bleed  in  order  to  achieve  an  effectiveness  of 
approximately  85  percent. 

It  is  the  ability  of  this  small  quantity  of  bleed  air  to  effect  a significant  variation  in  the  flow 
behaviour  in  the  diffuser  which  may  possibly  be  used,  with  careful  design,  to  control  the  air 
distribution  characteristics  in  a variable  geometry  combustor. 

3.2  Oesign  Details  of  est  Equipment 

The  vortex  flow  control  device  can  be  used  in  a number  of  different  ways  to  produce  the  desired 
flow  control.  The  configuration  used  for  this  study,  shown  in  Figures  5 and  6,  was  chosen  because 
the  required  variation  in  primary  zone  flow  was  modest,  namely  from  28%  at  Idle  to  38%  at  Full-power, 
and  also  to  ensure  that  the  rate  of  bleed-off  would  be  a maximum  at  the  Idle  condition  where  its 
effect  on  engine  performance  is  less  critical.  Since  an  appreciable  amount  of  the  primary  zone  air 
is  obtained  by  re-circulation  from  the  secondary  holes,  it  was  decided  to  separate  them  from  the 
dilution  air  by  means  of  a shield.  A vortex  flow  device  had  therefore  to  control  the  distribution 
of  flow  between  the  shielded  and  dilution-air  passageways.  The  purpose  of  the  model  was  to  determine 
the  vortex  fence  position  and  size,  and  the  position  of  the  primary  zone  splitter  shield  to  achieve 
the  required  range  in  flow  distribution. 

The  model,  fabricated  out  of  1.6mri,  .et  metal,  was  tested  at  near  ambient  pressure.  The  air  was 
supplied  from  a small  fan  capable  of  developing  a diffuser  inlet  Mach  number  of  0.22.  The  combustor 
was  operated  at  pressures  in  excess  of  atmospheric  so  that  the  bleed  gases  needed  no  suction,  and  the 
bleed  flow  was  controlled  by  a valve.  Orifice  plates,  installed  according  to  B.S.1042,  were  used  to 
measure  the  flow  rates  at  the  model  inlet  and  at  the  bleed  pipe  exit.  A 10-point  rake,  designed  to 
give  <£<al  area  weightings  across  tne  diameter,  was  used  in  conjunction  with  wall  static  tappings  to 
measure  the  mass  flow  entering  the  shielded  primary  zone  area.  The  testing  procedure  consisted  of  a 
systematic  variation  of  the  variables,  X,  Y,  Z (see  Figure  7),  and  each  configuration  was  subjected  to 
a range  of  bleed  rates  from  zero  up  to  the  maximum  attainable.  The  ranges  of  variables  investigated 
were  as  follows:- 


Fence  axial  gap,  X from  2.74  to  6.2mm 

Fence  radial  gap,  Y from  2.03  to  3.81mm 

Distance  from  throat  to  shield,  Z from  15.24  to  43.2mm 

The  bleed  flow  rates  were  limited  to  a maximum  of  approximately  3.5  percent  in  most  cases  due  to  the 
pressure  limitations  of  the  fan  used  to  supply  the  test  air. 

3.3  Discussion  of  Experimental  Results 


The  results  obtained  from  a systematic  variation  of  the  three  main  design  variables,  X and  Y for 
the  control  fence,  and  Z for  the  position  of  the  primary  zone  splitter  relative  to  the  diffuser  throat, 
are  shown  in  Figures  8,  9 and  10  respectively.  All  show  the  change  in  PZ,  the  percentage  of  air  that 
enters  the  primary  zone,  versus  the  percentage  of  air  bled  from  the  diffuser  exit.  The  general  shape 
of  these  graphs  can  be  anticipated  from  the  discussion  given  above,  and  In  particular  from  the  typical 
characteristic  of  vortex  controlled  diffusers  given  in  Figure  4.  It  is  to  be  expected  that  at  low 
bleed  values,  a to  b in  the  figure,  there  will  be  little  change  in  the  airflow  distribution  until  at 
the  critical  point  b,  a decrease  In  the  primary  zone  airflow  will  occur  and  continue  to  occur  until  the 
critical  point  C is  reached.  After  this  point,  further  increases  in  bleed  flow  rate  will  only  have  a 
marginal  effect  upon  the  airflow  distribution. 

The  important  criteria  for  *he  application  under  study  are  the  rate  of  change  of  PZ  with  bleed  as  it 
must  be  sufficiently  sensitive  to  permit  ease  of  control,  and  the  range  in  airflow  distribution  cuat 
can  be  achieved  with  any  one  geometry.  Unfortunately,  the  lower  limit  of  the  range  was  not  determined 
in  all  cases  due  to  the  economies  imposed  in  operation  of  the  equipment,  as  it  was  not  possible  to  apply 
suction  to  the  bleed  tube.  The  lower  limit  was  controlled,  in  most  cases,  therefore,  by  the  level  of 
the  pressure  drop  between  the  bleed  chamber  and  the  atmosphere. 


Figure  8 shows  the  influence  that  the  position  of  the  fence  has  upon  the  operation  of  the  combustor. 
The  value  of  PZ  is  shown  to  decrease  from  36  to  30  as  the  bleed  increases  from  zero  to  3.5  percent, 
but  it  is  clear  that  a wider  range  could  be  obtained  with  additional  bleed.  The  optimum  position 
of  X,  in  terms  of  the  sensitivity  of  PZ  with  bleed,  appears  to  be  within  the  range  of  3.66  to  4.37mm 
but,  in  general,  the  influence  of  fence  position  is  not  shown  to  be  of  great  significance. 

The  other  critical  dimension  for  the  fence  is  the  value  of  the  radial  gap,  Y,  between  the  diffuser 
throat  and  the  top  of  the  fence.  This  parameter  is  shown  in  Figure  9 to  exert  a significantly 
greater  effect  upon  the  performance  characteristics.  The  best  performance  in  terms  of  both  range 
and  sensitivity  is  that  obtained  at  a value  of  Y = 2.5mm. 

Finally  the  results  in  Figure  10  show  the  influence  that  the  position  of  the  primary  zone  splitter 
shield  has  upon  the  performance  when  the  fence  position  and  size  are  at  the  optimum  values  of 
X = 3.66  and  Y = 2.54mm  respectively.  As  the  distance  from  the  diffuser  throat  reduces  from  43.2mm 
to  15.2mm  the'  characteristics  change  very  little;  the  maximum  value  of  PZ  increases  from  35  to  36 
and  its  minimum  value  from  29  to  30.  Clearly,  this  range  could  be  increased  by  reducing  the  distance 
below  15.2mm,  and  uy  increasing  the  bleed  flow  rate  either  by  applying  suction  or  by  operating  the 
combustor  at  higher  pressure  levels. 

In  general,  these  results  are  considered  to  be  encouraging  and  the  concept  worthy  of  further  pursuit 
particularly  as  it  involves  no  moving  parts  and,  with  development,  it  is  anticipated  that  the  range  in 
PZ  values  can  be  extended  significantly.  It  should  also  be  stressed  that  the  concept  in  its  present 
form  can  operate  without  bleed  at  the  high  power  level  conditions,  and  thus  will  have  a very  limited 
effect  upon  the  overall  engine  performance. 


4.  CONCLUSIONS 

The  following  main  conclusions  can  be  made:- 

1.  Significant  reductions  in  the  levels  of  all  emissions  species  can  be  achieved  by  the 
use  of  variable  geometry. 

2.  The  absolute  level  to  which  emissions  can  be  reduced  from  gas  turbines  by  the  use  of 
variable  geometry  alone  is  probably  not  sufficient  to  meet  the  1981  U.S.  Federal 
Aircraft  Gas  Turbine  Standards. 

3.  The  application  of  the  principle  of  vortex  flow  control  to  achieve  changes  in  air 
distribution  characteristics  with  engine  operating  conditions,  appear  feasible  and 
worthy  of  further  pursuit. 
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G.Winterfeld 

The  concept  of  varying  the  combustion  air  distribution  by  a bleed-air  stabilized  diffuser  seems  to  be  very  en- 
couraging. However,  bleed  is  a penalty  with  respect  to  s.f.e.  Can  you  give  some  indication  about  the  increase  of 
s.f.e.  to  be  expected? 

Author  s Reply 

We  have  done  sums  on  this  matter  although  not  for  the  variable-geometry  combustor  considered  in  this  paper,  but  for 
the  case  in  which  tite  bleed  vortex  is  used  solely  to  control  the  flow  in  preco.nbustor  diffusers.  The  results  show  the 
concept  to  be  advantageous  if: 

( 1 ) we  use  the  3 % bleed  air  for  turbine  cooling,  or 

(2)  we  can  reduce  the  rate  of  bleed  to  lower  levels. 

I know  1 am  not  answering  your  question  in  a satisfactory  manner,  but  1 have  no  numbers  at  hand.  I am  just  giving 
you  an  indication  of  the  conclusions  that  we  have  come  to.  You  will  note  that  in  the  concept  in  this  paper  the 
3%  bleed  is  required  _mly  at  idle  and  not  at  full  power,  so  the  s.f.e.  penalty  is  really  very  modest  indeed. 


M.Pianko 

On  figure  2,  the  objective  shown  is  to  vary  the  percentage  of  the  p -iinary  air  from  20  to  40%.  However,  on  the  last 
figures  8, 9 and  10,  it  appears  that  by  modifying  the  parameters  x,  y.  z,  you  obtain  a variation  of  the  primary  air 
only  from  25  to  35%.  Is  it  possible  with  this  concept  of  variable  combustor  to  achieve  the  goal  of  variation  from 
20  to  40%? 

Author’s  Reply 

At  the  moment  we  do  not  know  but  may  1 make  three  quick  comments: 

Figure  2 is  meant  to  represent  the  extreme  limit  to  the  design  goal  and  is  beyond  the  goal  we  would  need  to 
attain  the  current  emission  standards. 

We  really  do  not  know  the  limit  to  which  this  concept  can  be  pursued.  There  are  many  variables,  not  only  the 
x,  y.  z that  we  showed,  but  also  in  the  basic  geometry  that  we  have  employed. 

Finally,  as  1 understand  it,  emission  standards  that  are  currently  in  force  for  ll)81  are  going  to  be  substantially 
relaxed  and,  in  particular,  for  the  oxides  of  nitrogen.  The  problem  then  reduces  to  one  of  CO  control  at  idle 
and  1 am  confident  that  the  range  required  for  such  control  could  be  achieved  by  this  sort  ot  approach.  Of 
course  the  difficulty  today  is  that  in  designing  for  a low  emission  aircraft  gas  turbine  combustor  we  are 
shooting  at  a moving  target.  Until  the  standards  are  firmly  set  it  is  very  difficult  to  say  which  is  the  optimum 
method  of  approach  to  reach  the  standards. 
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l). Kretschmer 

Have  you  ever  experienced  aerodynamic  instabilities? 

Author  s Reply  I R.S. Fletcher) 

The  answer  is  yes  if  we  do  not  design  it  correctly,  but  perhaps  1 can  refer  you  to  Mr  Adkins  on  this  one  as  he  has  a 
history  of  some  eight  years  in  duration  which  he  can  use  to  reply  to  that  question. 

Author's  Reply  (R.C. Adkins) 

We  have  found  that  there  is  a limiting  area  ratio  for  stable  diffusion  which  is  set  by  the  degree  of  non  uniformity 
of  the  How  at  the  diffuser  inlet  We  are  able  to  predict  this  limit,  and  by  selecting  an  area  ratio  of  just  less  than  this 
value,  we  can  ensure  that  our  diffuser  will  run  within  the  stable  How  regime. 

Author’s  Reply  (R. 3. Fletcher) 

Or  alternatively,  we  may  say,  as  the  inlet  tlow  distortion  increases,  the  maximum  area  ratio  of  the  diffuser  which 
can  be  achieved  with  this  concept  is  reduced,  l itis  is  particularly  important,  of  course,  as  the  velocity  profiles  just 
upstream  of  the  combustor  are  never  fiat  as  the  combustor  designer  always  assumes  in  the  design  process. 


J.Odgers 

What  precautions  have  you  taken  to  -sure  a fail-sale  mechanism? 

Author’s  Reply 

Well  it  is  on  the  grounds  of  safety,  I think,  that  the  proposed  approach  has  much  appeal  because  it  is  on  this  criteria 
that  moving  valves  or  other  mechanical  controls  give  cause  for  concern.  Our  design  approach  is  such  that  it  would 
only  requite  significant  bleed  at  idle  In  an  emergency  case,  if  the  bleed  valve  failed  to  open,  excess  air  would  be  fed 


into  tin-  primary  /one  ami  blow-out  may  occur.  At  t ie  opposite  end  of  the  spectrum,  if  the  bleed  valve  leaked  at 
full  power  there  would  be  less  air  in  the  primary  zone  than  we  designed  for.  Having  chosen  a burner  of  say  0.70 
equivalence  ratio,  the  worse  that  could  then  happen  is  for  the  combustor  to  operate  at  a condition  which  exists  in 
today’s  combustors.  This  is,  of  course,  simplifying  the  issue  somewhat  as  there  are  other  problems  such  as  wall 
cooling,  but  taking  all  factors  into  account,  we  think  the  approach  has  potential  for  aircraft  gas  turbines. 


THE  PROS  AND  CONS  OF  VARIABLE  GEOMETRY  TURBINES 


Prof.  Dr.-Ing.  H.G.  MUnzberg;  Dr.-Ing.  J.  Kurzke 
Aerospace  Institute,  Technical  University  of  Munich,  Germany 


Definition  of  variable  geometry 


The  concept  of  "variable  geometry"  (v.g.)  may  have  an  extensive  as  well  as  a restric- 
tive signification.  We  must  therefore  first  suitably  define  this  concept.  "An  (airborne) 
gasturbine  engine  is  said  to  have  variable  geometry  If  the  off  design  behaviour  can  be 
influenced  to  a degree  exceeding  the  limit  set  by  the  RPMs  of  the  controlled  rotor."  This 
lecture  will  cover  the  jet  engine,  l.e.  the  airborne  gasturbine  engine. 

Twospool  and  multispool  units  without  mechanical  coupling  of  the  rotors,  which  are 
nearly  exclusively  used  today,  belong  then  to  the  type  of  engine  with  variable  geometry 
even  though  they  possess  no  regulatory  devices.  Due  to  the  fact  that  the  rotors  are  free 

rotating,  which  leads  to  a variable  speed  ratio  (n.p/nHp  i const)  through  the  whole  range 

of  operation,  an  “elasticity"  in  the  mode  of  operation  (partial  load,  acceleration  etc.) 
is  achieved  which  can  normally  only  be  attained  through  variable  geometry  (for  example 
adjustable  compressor  guide  vanes).  The  comparison  of  the  two  turbojet  engines  RR-Olympus 
and  GE  J - 7 9 can  be  cited  as  an  example.  For  the  engines  the  total  pressure  ratio  is  about 

15  respectively  12.  The  Olympus  engine  achieves  the  compressor  adaption  at  partial  load 

through  free  rotating  of  both  rotors.  With  the  single  rotor  concept  of  the  J-79  (two 
mechanically  coupled  rotors  would  here  be  equivalent)  this  was  achieved  through  the 
arrangement  of  7 adjustable  stators. 

The  above  definition  emphasizes  the  off  design  point  opera- 
tion of  the  propulsion  system  which  should  be  improved  through  the  use  of  variable 
geometry.  The  Improvement  could  pertain  to  the  efficiency  of  a component  and  thereby 
reduce  the  specific  fuel  consumption  at  a definite  load  condition  of  the  engine.  It  could 
also  mean  that  two  or  more  components  attain  a higher  degree  of  compatibility.  In  this 
case  the  result  can  also  be  an  improvement  in  fuel  consumption  or  an  increase  in  thrust 
of  the  whole  propulsion  system.  Improvements  can  furthermore  have  an  influence  on  perfor- 
mance alternation  through  the  acceleration  time;  excessive  RPMs  and  excessive  temperatures 
can  be  avoided  and  so  on.  Improvements  in  noise  and  exhaust  emission  can  likewise  be 
attained  through  variable  geometry.  In  summary,  the  mode  of  operation  is  implicated 
here  in  its  most  vast  sense. 

Occassional ly  it  is  said  that  the  so  called  adaptive  adjustable  geometry  (for  example 
adjustable  guide  vanes  in  the  compressor)  is  in  principle  something  different  than  the 
type  of  geometry  that  affects  the  range  of  operation  depicted  in  performance  maps  for 
turbo  engines,  and  which  thereby  influence  the  thermodynamic  cycle  (example:  change  in 
area  of  the  exhaust  nozzle).  This  differentiation  can  ultimately  only  point  out  gradual 
differences  and  offers  no  fundamental  supplement.  The  purpose  of  the  variable  guide  vane 
adjustment  in  the  compressor  of  most  of  the  engines  built  today  is  to  adapt  the  charac- 
teristics of  the  compressor  stages  at  partial  load.  On  the  otaer  hand,  stator  adjustment 
(of  course  with  different  angle  changes)  allows  also  the  variation  of  flowrate  and  pressure 
at  a given  compressor  speed.  In  this  case  the  thermodynamic  cycle  is  also  influenced. 


Employment  of  variable  geometry 


Fig,  l a depicts  a visionary  engine.  The  purpose  of  the  disclosed  difference  between 
the  upper  and  lower  engine  halves  is  to  point  out  possible  localities  for  variable  geometry, 
in  spite  of  the  monstrous  construction,  there  is  no  claim  of  completeness.  The  numbers  are 
so  arranged  that  they  give  the  chronological  order  of  the  engine  sections  passed  by  the 
gasflow.  in  other  words,  the  lowest  numbers  represent  the  inlet  d’ffusor,  whereas  the 
highest  numbers  represent  re-heating  and  the  outlet  section. 

The  left  side  of  the  table  in  fig.  I b shows  those  sections  (localities)  with  variable 
geometry  that  are  todays  praetiee,  whereas  the  right  side  shews  those  that  have  been  tested 
in  prototypes,  diseussed  in  technical  bureaus  and  have  been  applied  for  patent.  Even  after 
considering  the  diverse  alternative  solutions  that  are  shown  on  the  left  side,  still  about 
10  adjusting  devices  exist  which  are  functionally  distinguishable. 

Fig.  2 shows  the  3 propulsion  categories  that  hove  had  a marked  influence  on  the 
development  of  aeronautical  and  space  engineering  from  its  very  beginnings  until  today. 

The  time  span  ranges  from  30  to  40  years  respectively.  Th*s  time  span  eove*s  the  beginning 
and  endphase  of  the  piston-powered  engines,  whereas  the  development  of  the  turbojet  engines 


and  chemical  rockets  will  hopefully  continue  In  an  unrestralnable  pace. 


The  trend  towards  complexity  In  propulsion  systems  Is  obvious.  If  one  also  takes  Into 
account  all  of  the  regulatory  devices  {not  all  pictured  in  the  figures).  It  is  easy  to 
see  the  risk  Involved  for  the  reliability  of  the  propulsion  system,  for  example  due  to 
the  possible  disorderly  movement  by  quick  throttle  action  (danger  of  oscillations  or  even 
Inadvertent  effects  arising  from  the  variable  geometry). 


This  remark  Is  not  to  document  a negative  attitude  towards  variable  geometry,  but  to 
point  out  the  necessity  of  considering  the  system  as  a whole.  In  order  to  reach  an 
evaluation  within  the  scope  of  the  program  (flight  missions)  In  question,  the  advantages 
of  the  theoretical  thermodynamic  gain  (for  example  Improvement  of  fuel  consumption  at 
certain  load  conditions)  must  be  compared  with  the  disadvantages  such  as  complexity, 
reduction  of  safety  and  increase  In  cost. 

from  the  just  mentioned  we  can  draw  three  conclusions: 

1)  The  chosen  system  In  which  the  pros  and  cons  of  a turbine  with  adjustable  guide  vanes 
is  to  be  investigated  should  be  relatively  simple;  we  chose  a twospool  turbojet 
engine.  Strictly  speaking,  with  exception  of  an  adjustable  thrust  nozzle,  there  Is 

no  variable  geometry.  We  should  make  as  little  use  as  possible 
of  those  variants  listed  In  fig.  1.  The  safety  risk  with  respect  to  control 
oscillations  or  similar  phenomena,  even  with  an  additional  section  with  variable 
geometry.  Is  in  this  case  acceptable. 

2)  If  adjustable  guide  vanes  are  being  employed  In  the  hot  section  of  the  engine-,  then 
those  sh?'j1d  be  chosen  which  incorporate  the  minimum  of  techno- 
logical risk.  The  guide  vanes  should  be  adjusted  and  not  the  rotor  blades, 
and  tnis  should  not  occur  in  the  hot  high  pressure  turbine,  but  in  the  low  pressure 
turbine  which  operates  at  a lower  temperature.  Besides  this,  only  a single  stage 
should  be  considered. 

3)  Lastly,  a sophisticated  engine  with  many  free  parameters  was  not 
chosen,  because  with  the  numerous  functional  factors  everything  could 
be  proven.  With  bypass  or  three-stream  engines  with  variable  thrust  nozzles  in  the 
bypass,  variable  load  distribution  In  primary  and  bypass  flow,  duct  burners,  variable 
thermodynamic  process  through  mixed  or  direct  jet  propulsion,  jet-interpenetration 
through  special  valves  etc.  It  is  possible,  solely  through  adequate  selection  of  the 
efficiencies  In  compressors  (and/or  turbines)  to  have,  for  example,  the  economy  of 
the  turbo  engine  improved  or  impaired  when  adjusting  the  turbine  stator. 


Example  for  the  utilization  of  an  adjustable  turbine 


Problem 

After  these  more  or  less  general  remarks  concerning  the  pros  and  cons  of  an  adjustable 
turbine,  we  want  to  discuss  now  a specific  case  of  utilization.  We  have  given  the  following 
hypothetical  flight  mission: 

A military  aircraft  with  a single  engine  must  be  able  to  reach  Mach  0.85  at  an  altitude 
of  11  k'  ( ~ 36,000  ft)  without  the  use  of  the  possibly  existent  afterburner.  This  condition 
represents  the  optimum  1 1 f t-drag-coef f if ient . On  the  other  hand,  the  aircraft  should  be 
able  to  fly  for  a long  time  at  sea  level.  This  would  for  example  be  the  ease  when  the  air- 
craft has  to  stay  in  a holding  pattern  outside  the  range  of  enemy  radar. 

The  engine  is  a twospool  turbojet  with  an  adjustable  stator  in  the  low  pressure  tur- 
bine (fig.  3).  For  the  design  condition  N * 11  km,  N * 0.85,  a total  pressure  ratio  of 
TT  tflt  » TT L p • TThp  * 3.5  • 4.5  » 15.75  °is  given.  0 

The  low  pressure  turbine  entry  temperature  was  given  to  *250  K,  from  which  a combustion 
chamber  temperature  of  1450  K results. 

Fig.  4 depiets  a schematic  view  of  an  adjustable  turbine  stator.  An  (additional) 
radia’  gap  has  to  be  considered,  which  is  dependent  on  the  hub-t i p- rat io  and  the  adjust- 
ment range  A A/A.  This  causes  a drop  in  efficiency  of  M - 1.5  - 2.5  s in  the  low 
pressure  turb i ne . 
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Fig.  5 shows  the  results  for  flight  time  anu  range  during  holding  with  a given 
constant  ruel  mass  for  an  engine  without  variaoie  geometry.  The  Mach  numbers  and  tne  lift 
coefficients  are  given  for  the  individual  points.  The  optimum  lift  coefficient  is 
cl  t ° which  gives  a flight  time  at  minimum  drag  of  1.37  hours. 


B£5ylf|.f2U.2<liy5S3ble_  turbine  .stator 


Fig.  6 displays  the  same  results  as  in  fig.  5;  the  dashed  line  pictures  additionally 
those  for  an  adjustable  low  pressure  turbine.  The  additional  losses  due  to  radial  gap  were 
accounted  for  by  a ? % diminuation  in  efficiency.  The  curve  shows  the  results  for  the  best 
adjustment  of  the  turbine  stator.  It  may  seem  surprising  at  first  that  this  adjustment  is 
the  same  as  at  the  design  condition.  The  diminuated  efficiency  of  the  low  pressure  turbine 
results  in  an  insignificantly  shorter  flight  duration  when  compared  with  the  non-variable 
turbine. 

What  is  the  reason  for  the  best  adjustment  of  the  turbine  stator  being  the  same  at 
its  position  at  the  design  condition?  Regarding  this  question,  fig.  7 displays  a few  para- 
meters of  the  engine  at  Mach  0.35  during  holding.  The  flight  duration  is  a maximum  at  this 
flight  speed  (see  also  fig.  5). 

One  notices  at  first  that  the  flight  time  varies  oy  only  1/2  % when  the  stator  area 
varies  by  about  13  X.  The  reason  for  this  is  that  the  high  pressure  turbine  entry  tempe- 
rature, the  pressure  ratio  and  the  "mean"  effiency  level  of  turbo  components  remains 
practically  constant.  The  result  is  merely  a redistribution  of  the  pressure  ratio  between 
the  low  pressure  and  high  pressure  compressor.  When  opening  the  stator,  there  is  a decrease 
in  the  RPMs  of  the  low  pressure  shaft  and  an  increase  in  the  high  pressure  rotor.  The  same 
tendency  *s  reflected  by  the  pressure  ratios.  The  final  result  is  that  it  is  best  not  to 
adjust  the  low  pressure  turbine  due  to  the  fact  that  the  loss  tendencies,  i.e.  the  partial 
efficiencies,  compensate  each  other. 

The  change  in  the  mode  of  operation  in  relation  to  the  stator  adjustment  is  also 
depicted  in  those  performance  maps,  which  were  the  basis  of  the  calculation  (fig.  8 and 
9).  The  scales  in  these  diagrams  were  modified  with  the  aid  of  correction  factors,  so 
that  they  correspond  with  the  investigated  engine. 
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As  can  be  seen  in  fig.  6,  the  adjustment  of  the  turbine  stator,  as  well  as  that  of 
the  thrust  nozzle  were  Investigated.  When  the  thrust  nozzle  was  opened  20  - 30  X,  an 
increase  in  flight  duration  in  the  whole  field  was  the  result.  The  correspondi ng  values 
for  pressure,  temperature  and  RPM  are  shown  in  fig.  10. 

The  total  pressure  ratio  and  the  entry  temperature  in  the  high  pressure  turbine 
change  greatly.  Iven  the  compressor  massflow,  which  was  constant  over  the  adjustable 
range  in  fig.  7,  is  now  variable. 

The  change  in  the  specific  fuel  consumption  can  actually  be  derived  *>om  the  curve 
for  the  flight  duration,  which,  by  the  way,  has  a much  more  coarse  scale  than  in  fig.  7. 
Thrust  and  Mach  number  are  constant,  and  the  fuel  mass  is  3000  kg  in  all  eases. 

The  corresponding  operation  conditions  are  plotted  again  in  the  performance  maps  of 
fig.  8 and  9,  and  thereby  round  up  the  data  given  by  Fig.  10. 

It  was  also  investigated  what  advantages  an  adjustable  turbine  stator  would  have 
with  an  open  nozzle.  for  the  flight  duration,  the  result  was  the  same  as  the  before 
discussed:  !t  is  best  not  to  adjust  the  stator. 

As  ean  be  seen  from  fig.  8,  opening  the  stator  results  in  a greater  safety  span  with 
respect  to  the  surge  line  of  the  low  pressure  compressor.  Though  this  effeet  is  of  aetual 
advantage,  the  expense  of  an  adjustable  stator  in  the  turbine  for  this  reason  is  not 
just i f ied . 


Summary 


An  adjustable  stator  fn  the  low  pressure  turbine  of  a twospool  turbojet  is  of  no 
explicit  advantage  with  regard  to  the  discussed  problem. 

As  was  mentioned  above,  the  shape  of  the  compressor  performance  map  could  be  so 
altered  (manipulated),  that,  even  in  our  very  simple  example,  a stator  adjustment  would 
result  in  an  improvement  of  the  fuel  consumption.  In  other  words  there  can  be  engines 
having  such  a concept,  that  stator  adjustments  prove  to  be  of  advantage.  Such  a result 
cannot  be  considered  as  generally  valid,  because  only  the  charac ter i s t i c of  one  specific 
engine  can  be  altered,  and  then  only  in  the  form  of  a remedial  measure.  Variable  geometry 
can  be  of  advantage  for  those  flight  missions  in  which  long  pe-iods  of  time  are  run  at 
very  low  partial  load.  This  may  be  comparable  to  the  situation  of  ah  automobile  in  inner 
city  traffic.  The  advantage  with  respect  to  an  automotive  gas  turbine  engine  is  quite 
considerable.  But  flight  rairsions  with  comparable  conditions  are  very  seldom. 
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Fig. la:  Visionary  jet  engine  with  possible  localities  for  variable  geometry 


Explanations  to  variable  geometry 


realized  in  production  engines 

prototype  test  / proposal  / 
patent  pending  etc. 

i 

Inlet  cone  displacement  in  direction  of 
engine  main  axis 

5 

Inflatable  inlet  lip 

Retractable  -,hj.ter  in  front  of  first  com- 

8 

2 

Inlet  cone  adjustment  perpendicular  to 
engine  main  axis 

12 

pressor  blade 

Pneumatic  or  mechanic  fit  adjustment  of 

3 

Angle  change  of  inlet  lips 

labyrinth  seals 

4 

Displacement  of  Inlet  lips 

14 

Splitter  adjustment  on  bypass  engine 

6 

Adjustable  auxiliary  inlet 

16 

Combustion  chamber  with  2 or  more  primary 
zones  and  variable  mixture 

7 

81ow-off  between  supersonic  inlet  and 
engine 

u 

Turbine  with  adjustable  guide  vanes 

9 

Compressor  with  adjustable  stator 

18 

Turbine  with  adjustable  rotor  blades 

10 

Compressor  with  adjustable  rotor 

19 

Throttling  or  shut-off  cooling  ulr  channel 
for  hollow  blades 

11 

Controlable  blow-off  orifices  between 
compressor  stages 

20 

Fit  adjustment  of  labyrinth  seals 

13 

(Free  rotating)  multispool  engine 

26 

Pneumatic  thrust  reversal 

15 

Combustion  chamber  with  switchable 
injection  nozzles  (main  nozzles  - 

27 

Shift  blade  row  for  thrust  reversal 

duxi  1 iary  nozzles) 

Adjustment  of  minimal  thrust  nozzle 

30 

Re-heat  with  extendible  flame  holder 
(mechanically  or  pneumatic) 

21 

cross-section  through  shifting  of  axial 

core 

22 

Adjustment  of  minimal  thrust  nozzle 
cross-section  with  flaps 

23 

Angle  change  in  thrust  t.zZle  expansion 
section 

24 

ftear*end  ventilation  of  expansion  section 

25 

Mechanical  thrust  reversal 

26 

Shutting  and  opening  the  relief  channel 
for  thrust  reversal 

28 

Turnable  nozzles  for  thrust  vector  control 

29 

Dual  thrust  systems  with  variable  exhaust 
deflection 

Fig. lb:  Explanations  to  variable  geometry 


Fig .5  Flight  duration  and  range  with  non -adjustable  geometry 
( invariable  geometry ) 
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Ptg.7:  Engine  parameters  with  variable  stator  of  low  pressure  turbine 
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DISCUSSION 


H.GRIEB 

In  the  written  paper  is  mentioned  a LP  turbine  efficiency  penalty  of  2%  at  design  point  due  to  the  variable  geometry. 
In  our  studies  we  found  a strong  influence  of  turbine  off-design  performance  (off-design  efficiency)  not  only  on  SFC, 
but  also  on  the  range  of  engine  performance  flexibility  achieved.  Did  you  introduce  turbine  off-design  performance 
characteristics  in  your  study? 

Author’s  Reply 

1 did  not  show  the  performance  maps  of  the  variable  turbine.  The  calculations  were  based  on  five  different  low 
pressure  turbine  maps  for  five  different  angles  of  the  stator  adjustment.  These  performance  maps  were  not  measured 
but  computed.  In  the  different  performance  maps  the  efficiency  level  is  also  different. 


S.Boudigues 

Je  suis  d’accord  avee  les  conclusions  des  auteurs  sur  1’efficacitc  relativement  mediocre  du  distributeur  de  turbines 
BP,  mais  malgre  les  difficultes  technologiques  que  cela  presente  il  serait  bon  de  regarder  I’effet  de  la  variation  de  la 
section  du  distributeur  HP.  En  effet.  a ce  moment-la  on  dispose  de  trois  parametres  qui  permettent  de  situer  le  point 
de  fonctionnement  au  point  optimum,  aussi  bien  dans  le  champs  de  compresseurs  basse  pression  que  dans  le  champs 
dc  compresseurs  haute  pression,  et  a ce  moment-la,  au  prix  d'une  complication  technologique  certainc  et  de 
difficultes  de  manipulation  de  section  dans  une  region  tres  chaude,  on  obtient  quand  meme  des  gains  de  con- 
sommution  specifiques  ou  de  poussees  qui  sont  tres  superieures  a celles  qui  sont  affiehees  par  la  scute  variation  dc  la 
turbine  basse  pression. 

Author's  RepW 

Nous  somnvs  d’accord  avec  veus  Monsieur  Boudigues,  et,  il  a d’ailleurs  etc  demontre,  tundi  ou  rnardi,  qui  le  change- 
ment  de  la  section  dc  la  turbine  haute  pression  rendait  davantage.  Le  but  de  notre  etude  etait  simplement  de  prouver 
que,  meme  avec  des  hypotheses  tres  simplificatrices  teiies  que  changer  uniquement  la  tuyere  d’une  part,  et  le  distri- 
buteur de  turbine  BP  d’autre  part,  on  pouvait  obtenir  le  resultat  que  nous  venons  de  demontrer.  Mais  nous  avons 
egalemcnt  dit,  et  ceci  est  indique  dans  notre  conference,  qui  si  Ton  avait  par  exemple  change  la  position  des  courbes 
de  rendement  dans  les  compresseurs  basse  pression  et  haute  pression,  on  aurait  pu  obtenir,  meme  pour  cette  etude 
tres  simplifiee,  une  amelioration  de  la  consommation  specifique;  mais  si  le  deplacement  de  ces  courbes  de  rendement 
etait  fait  d’une  fa<,on  diffd  rente,  on  aurait  meme  pu  obtenir  une  alteration.  Done  notre  but  etait  plutot  de  montrer, 
qu’un  changement  de  la  section  de  la  tuyere  apporte  de  toute  fayon  quelque  chose  de  positif  (fait,  generalement 
admis  aujourd’hui),  tandis  qu’un  changement  dc  la  section  des  distributeurs  n’est  pas  forcement  aussi  efficace.  En 
outre  on  devrait  epuiser  toutes  les  possibilites  d’influenecr  le  comportement  de  la  machine  avail*,  ,'introduire  un 
distributeur  orientable  d'une  turbine  HP,  dont  la  technologic  est  particulierement  delicate  en  cas  d’un  reacteur 
moderne  a temperature  cHevde. 
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POTENTIAL  IMPROVEMENTS  Ml  ENGINE  PERFORMANCE 
USING  A VARIABLE  GEOMETRY  TURBINE 

by 

Robert  J.  May  Jr.,  Wayne  A.  Tall,  H.  Ivan  Buoh 
Air  Force  Aero  Propulsion  Laboratory,  Wright-Pat ter son  AJB,  Ohio  USA 


SUMMARY 

A trend  in  military  aircraft  is  toward  increasing  thrust  loading  for  improved 
maneuverability  coupled  with  a requirement  for  extended  subsonic  cruise  range  at 
low  power  settings.  Conventional  turbine  engines  designed  to  meet  these  requirements 
must  operate  over  large  ranges  of  airflow  between  maximum  power  and  cruise.  As  a 
result,  the  inlets  and  nozzles  designed  for  these  engines  cannot  perform  efficiently 
with  the  low  engine  airflow  rates  typical  of  subsonic  cruise  operation.  Variable 
turbine  geometry  offers  a promising  approach  for  obtaining  both  high  thrust  loading 
and  efficient  cruise  performance  by  permitting  large  amounts  of  thrust  modulation 
at  constant  airflow  rates.  Installed  performance  comparisons  between  a fixed  geometry 
turbofan,  a fixed  geometry  turbojet , and  a variable  geometry  turbojet  are  made  at 
typical  subsonic  cruise,  supersonic  cruise  and  combat  flight  conditions.  This  study 
indicates  that  for  applications  where  both  subsonic  and  supersonic  fuel  consumptions 
ore  important,  a variable  geometry  turbine  turbojet  can  offer  substantial  reductions 
in  fuel  usage. 


NOMENCLATURE 


IB7F  4?  MS  • 2.5 


turbine  inlet  area 
inlet  capture  area 
flight  altitude 
minimum  turbine  inlet  area 
exhaust  nozzle  throat  area 
exhaust  nozzle  exit  area 

maximum  fuselage  cross-sectional  area  por  engine 

fuselage  cross-sectional  area  at  airplane  connection  point  per  engine 

exhaust  nozzle  velocity  coefficient 

ideal  gross  thrust 

installed  net  thrust 

ideal  net  thrust 

ideal  net  thrust  for  the  turbofan  engine  at  maximum  afterburning  power 

flight  Maeh  Number 
ambient  pressure 

exhaust  nozzle  exit  statie  pressure 
exhaust  nozzle  throat  total  pressure 
free  stream  dynamic  pressure 

installed  speeifie  fuel  consumption  (pounds  of  fuel  per  hour  per  pound  of  net  thrust) 
ideal  specific  fuel  consumption 

ideal  specific  fuel  consumption  for  the  turfcofaa  engine  at  nasi  mum  erbuming  power 

ideal  specific  fuel  consumption  for  the  turbofaa  engine  at  flight  Mach  number  - 2.5 
engine  demand  airflow 
inlet  supplied  airflow 

throttle  dependent  aft-end  drag  coefficient 


INLET 

throttle  dependent 

inlet  drag  coefficient 

^APT-END 

throttle  dependent 

aft-er.d  drag 

ADINLOT 

throttle  dependent 

inlet  drag 

afn 

% 

thrust  loss  due  to 

inlet  pressure  losses 

nR 

inlet  pressure  recovery 

I.  INTRODUCTION 

Fighter  aircraft  of  tod#1'  »nd  the  future  must  be  flexible.  That  is,  ■ h«ty  must  operate  effectively  over 
an  extremely  vide  range  jf  diverse  mission  requirements.  This  emphasis  on  versatility  has  a tremendous 
impact  on  the  nrcpuls .on  system  for  auih  an  aircraft.  It  must  be  capable  of  efficient  low  power  operation 
fer  loiter  -n  I extended  rubsorsi.  cruise  range.  It  must  deliver  very  high  thrust  for  transonic  combat 
maneuver aMll.y  and  for  supersonic  c alse  iu...  dash  requirements.  In  addition  to  the  thrust  level,  the  fuel 
burned  at  th«*„e  conditions  ,:s  i”  <ort*nt  consideration  since  it  also  will  significantly  affect  the 
capability  and  size  of  U«  overall  v*»-  — -yatea. 

From  or.  engine  thermodynamic  cycle  standpoint  alone,  meeting  this  variety  of  demands  is  a difficult 
undertaking.  The  problem  is  even  *'urth<?r  , ouoounded  by  the  propulsion  system  installation  losser  due 
primarily  to  the  changes  in  engine  airflow  demand  between  cruise  and  maximum  power  conditions.  The  inlet 
and  nozzle  must  be  designed  to  •>ccommodate  the  maximum  airflow  rate  to  be  encountered  anywhere  i..  the  flight 
envelope.  This  results  in  high  inlet  spillage  drag  due  to  reduced  airflow  and  high  aft-end  drag  due  to  a 
closed  down  nozzle  at  the  low  power  settings  associated  with  subsonic  cruise.  As  the  trend  toward  increas- 
ing disparity  between  the  maximum  thrust  and  cruise  thi  'at  continues,  th.s  installation  problem  will  become 
even  more  severe.  One  possible  solution  is  to  develop  an  engine  cycle  that  will  provide  a range  of  thrust 
levels  at  a constant  airflow  rate.  This  can  be  achieved  through  the  use#of  variable  turbine  geometry. 

The  propulsion  system  most  often  selected  for  missions  with  diverse  requirements  is  a mixed  flow  after- 
burning turbofan.  The  afterburner  provides  the  required  maneuvering  thrust  while  the  Inherently  high 
propulsive  efficiency  of  the  fan  provides  good  uninstalled  performance  at  low  power  settings.  Two  drawbacks 
to  this  type  of  cycle  are  its  high  specific  fuel  consumption  at  high  power  conditions,  and  Its  susceptibility 
to  high  installation  losses  at  low  power  conditions. 

On  the  other  hand,  a turbojet  cycle  generally  provides  good  performance  at  high  thrust  levels  but  has 
poor  performance  (installed  and  uninstalled)  at  low  varusc  conuitions.  A variable  geometry  turbine  could 
be  used  to  significantly  Improve  the  turbojet's  part  power  fuel  consumption  and  installation  characteristics. 

To  Illustrate  the  effectiveness  of  this  design  annroaeh,  both  uninstalled  and  Installed  engine  perfor- 
mance have  been  calculated  for  a variable  turbine  geometry  turbojet,  and  the  results  have  been  compared  with 
simile-  estimates  for  a fixed  turbine  geometry  turbojet  and  a fixed  turbine  geometry  turbofan  at  several 
Important  operating  points  In  a typical  fighter  mission.  All  three  cycles  were  sized  such  that  they  hod 
approximately  the  same  installed  maximum  thrust  at  Maeh  number  and  an  altitude  of  30,000  feet,  a typical 
transonic  combat  sizing  point.  The  design  characteristics  of  these  engines  e-e  summarised  in  Table  1. 

TABLE  1 

CYCLE  BESISB  PARAMETERS 


VASIAl 

FIXED 

FIXED 

TURBINE 

TURBINE 

TURBINE 

TURBOJET 

TURBOJET 

TU8B0FAN 

OVERALL  PRESSURE  RATIO 

15 

15 

2b 

BY? ASS  RATIO 

.!• 

.1* 

1.0 

TURBINE  INLET  TBS>E8ATURE  (*?) 

3000 

3000 

3000 

The  turbofan  design  parameters  are  typical  of  those  values  wUeh  several  recent  preliminary  design  studies 
have  shown  to  be  near  optimum  for  as  advanced  righte?  application.  The  bypass  ratio  represents  a compromise 
between  subsonic  eruise  and  maximum  power  specific  fuel  consumption.  Of  course,  changes  in  aircraft  and  mission 
design  variables  will  alter  the  choice  of  engine  eyele  variables.  The  turbojet  design  parameters  were  selected 
to  insure  that  this  would  be  a relatively  simple,  single  spool  machine. 

tn  the  analysis  of  these  cycles,  it  will  be  shot  fa  that  the  variable  geometry  turbine  in  a turbojet  engine 
will  Improve  the  subaoaie  Installed  eruise  fuel  cae?iv.8ptioa  to  the  point  where  it  is  lower  than  that  of  the 

turbofan  while  retaining  the  good  supersonic  and  nigh  thrust  performance  that  is  characteristic  of  a turbojet 
cycle.  J 

, f11*  4iil^al3  '1-ei  EO*  represent  a complete  cycle  selection  process.  To  do  that  Job  properly,  the 

mission  variables,  airframe  variables  and  engine  variables  must  be  considered  simultaneously,  however 
the  results  do  indicate  that  this  concept  is  premising  and  ieservee  further  detailed  Study  fer  anpiiej 
t tea.**  fetetfci  sufeacitutf  ti&i  tsjtoirtfcjit* 


Hlr  is  trm  lit*  lo  eeoi  tfee  \int*  43a  tazzi*. 


1 1 . KttflIME  OPERATING  CIlARACTERlCTICfl  AftD  tfln8S?AtI.3>  PKRFCfiHAttCE 


TMs  section  of  the  paper  deals  with  the  part  power  operating  characteristics  of  a variable  gecasetry 
turbine  turbojet.  As  was  previously  mentioned,  the  variable  geometry  is  being  used  to  improve  the  fuel 
consumption  at  subsonic  cruise.  In  order  tc  illustrate  this  concept,  the  reduced  power  operating  characteris- 
tics of  the  variable  turbine  turbojet  are  compared  with  those  of  a fixed  turbine  geometry  turbojet  at 
.9  Mach  number  and  an  altitude  of  30,000  fzct. 

Tor  both  cycles,  the  Initial  decrease  in  thrust  is  achieved  by  reducing  the  augnentor  fuel  flow.  There 
is  no  change  in  the  rotating  components,  further  decreases  ii  thrust,  below  intermediate  power  are  accomplished 
by  reducing  main  burner  fuel  flow  with  a resulting  decrease  in  turbine  inlet  temperature.  This  results  in  a 
reaatching  of  the  turbosiach incry  for  a convent  tonal  engine. 

The  operating  characteristics  for  the  fixed  and  variable  geometry  turbojets  are  shown  in  figure  5.. 
Compressor  pressure  ratio,  percent  of  design  airflow,  find  turbine  inlet  temperature  are  plotted  as  a fur.,  t ion 
of  percent  of  maximum  thrust.  Turbine  work  requirements  dictate  that  engines  operate  over  most  of  their  thrust 
range  with  the  turbine  rioz2le  "choked."  As  a result,  for  a fixed  turbine  nozzle,  as  turbine  inlet  temperature 
is  reduced,  both  compressor  pressure  ratio  and  it-  ss  flow  must  decrease.  This  is  shown  by  the  solid  line  in 
figure  1.  The  compressor  is  simply  moving  along  tin  operating  line  on  its  performance  map. 

The  behavior  of  the  vcriable  turbine  engir * is  distinctly  different.  As  turbine  inlet  temperature  is 
reduced,  the  turbine  nozzle  area  can  be  charged  to  allow  the  compressor  to  remain  at  its  design  point.  This 
constant  comps <-ss.or  match  point  operation  can  be  maintained  until  limit  loading  is  reached  on  the  turbine. 

In  an  effort  to  postpone  this  limit  ioadlng  to  as  low  a power  setting  as  possible,  the  afterburner  linei 
cooling  flow  was  turned  off  during  non-*ugmented  operation  and  consequently  this  air  was  no  longer  lost 
to  the  cycle.  When  con»tant  match  can  no  longer  be  sustained,  the  engine  Is  operated  in  a conventional 
manner  with  only  sight  variations  ir.  area  to  maintain  adequate  surge  mf.rgin.  The  dashed  line  of  figure' 

1 3hows  that  in  thin  instance  the  design  compressor  corrected  flow  and  pressure  rat-io  were  held  eonstar-' 
down  to  a thrust  of  approximately  35S  of  the  maximum  avuilable  at  this  flight  condition.  This  corresp^ 
to  a turbine  inlet  temperature  of  200Q°R . 

Variable  turbine  geometry  also  provides  an  addlt tonal  benefit  in  the  transonic  regime.  At  the.- 
flight  conditions,  the  engine  with  fixed  turbine  geometry  cannot  be  operated  at  it*  maximum  tur‘.  im 
inlet  temperature  without  exceeding  compressor  aerodynamic  limits.  Again,  the  variable  geometry  .-.chine 
can  be  used  to  allow  operation  at  the  compressor  design  point  and  at  the  maximum  turbine  inlet  te-iparature. 

The  changes  in  turbine  and  exhaust  nozzle  areas  required  to  operate  the  variable  geometry  engine  a» * 
shown  in  figure  2.  As  thrust  is  reduced  by  reducing  turbine  inlet  temperature,  the  tu-hirie  nozzle  area 
closes  down  to  maintain  the  desired  flow  function  («|Ti7i’»).  «v  me  same  time,  the  exhaust  nozzle  tlu-ont 
area  opens  up  in  order  to  increase  the  turbine  pressure  ratio  allowing  design  compressor  match  point 
operation  at  U-rblne  inlet  temperatures  less  than  design.  In  contrast,  the  fixed  geometry  cyc*e  makes 
only  small  variations  In  exhaust  nozzle  throat  area  to  maintain  the-  desired  surge  margin.  Figure  2 also 
shows  that  operating  the  engine  at  the  compressor  design  point  by  using  the  variaiale  geometry  turbine 
results  la  a larger  exhai  st  nozzle  exit  area  for  ideal  expansion  relative  to  that  of  tue  fixed  turbine 
geometry  at  the  same  thrust  level.  This  trend  will  have  important  implications  in  the  nozzle  installation 
erea. 

The  trends  preaeuled  for  the  fixed  geometry  engine  are  for  a turbojet  cycle.  The  behavior  of  the  fixed 
turbine  geometry  turbofan  cycle  is  similar  except  that  the  higher  augmentation  ra-io  results  in  cons tent 
cycle  parameter  operation  further  into  the  part-power  regime. 


The  lata  presented  in  figure  1 show  that  the  variable  geometry  turbine  tu.bojet  has  operating  charac- 
teristics which  nave  the  potential  fo.-  increasing  eng  Vs  life.  Two  factors  witch  significant  ly  impact 
engine  life  are  time  at  temperature  and  continually  changing  engine  rotational  speeds  to  produce  desired  thrust 
levels.  The  time  spent  at  subsonle  eruise  represents  a significant  portion  of  a fighter  mission  ana  the 
variable  geometry  turtine  turbojet  cruises  at  a turbine  Inlet  temperature  approximately  b0usk  less  than  the 
fixed  turbine  turbojet  and  300ah  less  than  the  turbofan.  Additional  Benefits  might  result  beeause  the 
variable  geometry  turtine  turbojet  can  provide  a wide  range  of  thrust  modulation  without  changing  the  com- 
pressor speed. 


The  uninstalled  eng'ne  performance  at  10,000  fast,  Mach  .9  is  presented  for  the  three  study  engines 
in  figure  3.  Heal  specific  fuel  consumption  divided  by  the  ideal  specific  fuel  cons'imptl  m of  the  lur.-ofa;- 
at  maximum  afterburning  power  is  plotted  versus  ileal  net  thrust  nundimenstonaUzed  by  the  .leal  maximum 
afterburning  net  thrust  for  -.he  turbo  •‘an.  Uninstalled  performance  is  engine  cycle  performance  with  fully 
axpandel  nozzle  flow  and  without  engine  installation  losses.  All  the  engines  were  sia.ed  to  give  the  same 
maximum  thrust  at  this  flight  condition. 


The  iata  shows  that  both  turbojets  have  augmented  power  specific  fuel  consumption  less  than  that  of 
the  turbofan.  The  ability  cf  the  variable  geometry  turbine  lurnojet  to  operate  at  the  sntiB'-ta  turbine 
- tempe.-ature  at  this  flight  condition  results  in  a slight  reduction  In  afterburning  specific  fuel 
consumption  and  a ft  increase  la  intermediate  power  thrust,  the  most  striking  feature  of  this  performance 
pi-.t  i=  the  substantial  reductions  in  part  power  fuel  consumption  sue  to  the  variable  turbine  geometry. 

The  ability  to  develop  the  same  thrust  as  the  fixed  cycle,  but  J a higher  airflow,  (see  figure  i)  results 
In  a higher  Propulsive  efficiency.  In  additioa,  c.ssp-essor  pressure  ra’is  is  also  subs  .ant  tally  higher  at 
any  given  thrust  level  'see  figure  1),  yielling  better  thermal  efficiency.  The  net  result  l;  nearly  a US 
reiuctVn  in  specific  fas,  consumption  at  typical  subsonic  cruise  conditions,  hoveve*  , this  improvement 
is  hot  sufficient  to  make  this  cycle  better  than  the  turbofan  at  reduced  power.  r»  is  .stay  after  the  in- 
stallation effects  are  included  that  the  variable  turbine  geometry  turbojet  becozaes  truly  csapetlt ive. 


III.  INSTALLATION  CHARACTERISTICS 


Several  recent  fighter  aircraft  have  suffered  performance  penalties  due  to  high  inlet  and  aft-end 
losses  associated  with  operating  the  propulsion  system  off  design  at  subsonic  cruise.  At  these  low  power 
settings,  a conventional  engine’s  airflow  demand  is  much  less  than  the  inlet  can  supply.  Some  of  this 
air  must  be  spilled  or  bypassed  incurring  a drag  penalty.  Also,  at  reduced  power,  the  nozzle  exit  area  must 
be  closed  down,  to  avoid  large  internal  overexpansion  losses.  With  the  nozzle  closed  down,  there  is  more 
aft  facing  area  and  also  an  increased  probability  that  flow  separation  will  occur  on  the  external  nozzle 
surfaces.  These  factors  can  and  frequently  do  result  in  a drag  penalty. 

In  contrast,  figures  1 and  2 show  that  the  variable  geometry  turbine  turbojet  exhibits  quite  different 
characteristics.  This  engine  operates  at  design  airflow  as  thrust  is  reduced  below  intermediate  power.  In 
addition,  the  full  expansion  nozzle  area  remains  essentially  constant  rather  than  closing  down.  At  a typical 
subsonic  cruise  power  setting  the  variable  turbine  geometry  turbojet  will  have  lower  inlet  and  aft-end 
installation  losses  than  a fixed  turbine  cycle.  This  is  shown  schematically  in  ■‘‘igure  1). 

It  is  extremely  important  that  engine  cycle  studies  be  done  on  an  installed  basis,  as  these  losses  may 
substantially  impact  the  final  outcome.  The  inlet  and  aft-end  drags  can  be  divided  into  a reference  drag 
component  that  is  independent  of  power  setting  and  the  remaining  throttle  dependent  component.  The  reference 
drag  is  included  in  the  airplane  drag  polar.  Any  drag  change  caused  by  operating  away  from  the  reference 
conditions  is  charged  to  the  propulsion  system.  Inlet  pressure  recovery  effects  and  interna.:  nozzle  per- 
formance must  also  be  included  when  calculating  installed  performance.  The  net  installed  propulsive  force 
can  then  be  defined  as : 
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= installed  net  thrust 

= ideal  net  thrust 

= the  throttle  dependent  portion  of  the  inlet  drag 
= the  throttle  dependent  portion  of  the  aft-end  drag 
= the  thrust  loss  due  to  inlet  pressure  losses 
= ideal  gross  thrust 
= nozzle  velocity  coefficient 


Inlet  Performance 

A two  dimensional,  triple  ramp,  external  compression,  Mach  2.5  inlet  was  used  for  this  study.  This  type 
of  inlet  is  typically  used  for  tactical  fighters  with  high  maneuverability  requirements.  Inlet  performance 
consists  of  inlet  pressure  recovery  and  throttle  dependent  inlet  drag. 

Ir.let  pressure  recovery  trends  arc  shown  in  figure  5 as  a function  of  flight  Mach  number.  The  pressure 
recovery  is  a function  of  shock  system  losses  and  subsonic  diffuser  efficiency.  Generally,  pressure  recovery 
is  considered  to  be  a function  of  inlet  mass  flow  ratio  as  well  as  flight  Mach  number.  However,  in  order  to 
simplify  calculation  procedures,  the  variation  with  mass  flow  ratio  was  neglected  since  differences  between 
the  three  engines  in  pressure  recovery  due  to  this  variable  should  be  small,  and  therefore  not  alter  the 
results  of  this  study. 

In  this  study,  the  reference  inlet  drag  has  been  defined  as  the  inlet  drag  occurring  at  maximum  allowable 
inlet  airflow  at  ea~h  flight  condition.  This  drag  is  included  in  the  airplane  drag  polar.  The  throttle 

dependent  inlet  drag  coefficient  for  two  Mach  numbers  is  shown  in  figure  6 as  a function  of  the  ratio  of 

engine  demand  airflow  to  inlet  supply  airflow.  Each  engine  had  an  inlet  sized  to  meet  the  maximum  airflow 
demanded  by  that  cycle  throughout  the  entire  flight  envelope.  Figure  6 shows  the  characteristic  throttle 
dependent  drag  coefficient  increase  with  decreasing  mass  flow  (engine  demand).  Knowing  the  engine  operating 
corrected  airflow  and  the  inlet  capture  area,  the  throttle  dependent  inlet  drag,  chargeable  to  the  propulsion 
system  can  be  simnlv  calculated  by  the  following  equation: 

4DINI.CT  ° iCDINLET 

Several  typical  operating  points  are  plotted  on  Figure  6 for  the  three  different  engines  at  .9  Mach 
number.  The  solid  symbols  are  representative  of  operation  at  intermediate  power  and  above.  At  this  con- 
dition, all  three  cycles  are  clustered  close  together  at  relatively  high  mass  flow  and  low  drag  level  . 

However,  noticeable  differences  appear  as  the  engines  are  throttled  back  to  cruise  power  settings,  as 

shown  by  the  open  symbols.  Both  fixed  turbine  geometry  cycles  show  reductions  in  mass  flow  and  sharp 
Increases  in  throttle  dependent  inlet  drag.  However,  the  capability  of  the  variable  geometry  turbine  tur- 
bojet engine  to  maintain  near  maximum  airflow  at  cruise  conditions  results  in  substantially  less  drag. 

In  fact,  there  is  nearly  a 83?  drag  reduction  relative  to  the  fixed  turbine  turbojet  and  a 79?  reduction 
relative  to  the  fixed  turbine  turbofan. 


Aft-End  Drag 

4 variable  convergent-divergent  nozzle  was  selected  for  all  three  engines  used  in  this  study.  In  this 
type  of  nozzle,  the  throat  area,  Ag  (see  figure  7),  can  be  varied  to  provide  the  desired  engine  matching. 
The  nozzle  exit  area,  A<j>  can  also  be  varied  to  obtain  the  maximum  thrust  minus  external  drag  for  the  ex- 
haust system.  A close  spaced  twin  engine  installation  was  assumed. 
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The  internal  nozzle  performance  vas  calculated  in  terms  of  e nozzle  velocity  coefficient , CV,  which  is  tho 
ratio  of  actual  gross  thrust  to  ideal  gross  thrust.  The  internal  nozzle  losses  include  leakage,  flow  separation 
on  internal  nozzle  surfaces,  shocks,  internal  wall  divergence,  and  frictional  losses  along  the  internal 
nozzle  walls.  These  losses  are  calculated  using  an  empirical  correlation  which  is  a function  of  nozzle 
area  ratio  (A^/Ag)  and  nozzle  divergence  angle.  Nozzle  losses  associated  with  either  overexpansion  or 
under expans ion  of  the  flow  were  also  included.  These  were  cal< ulated  assuming  isentropic,  one-dimensional 
flow.  The  overall  nozzle  velocity  coefficient  is  uisplayed  in  figure  8 as  a function  of  nozzle  pressure 
ratio  and  nozzle  area  ratio.  The  peaks  in  the  curves  represent  fully  expanded  flow  conditions. 

The  external  aft-end  drag  is  made  up  of  the  pressure  drag  and  frictional  drag  over  the  entire  aft-end 
of  the  airplane  excluding  control  surfaces.  Because  of  the  interactions  of  the  airframe  and  nozzle  flow 
fields,  it  is  important  to  include  the  drag  of  the  complete  fuselage  structure  from  the  maximum  fuselage 
cross-sectional  area,  A10,  rearward.  This  ensures  a complete  accounting  of  the  engine  installation  effects. 

The  reference  drag  level  is  defined  as  the  drag  resulting  when  the  nozzle  external  flaps  were  open  to  produce 
a cylindrical  contour  {hg  = Axl),  with  fully  expended  internal  flow.  This  drag  is  included  in  the  airplane 
drag  polar.  The  remaining  drag  is  charged  to  the  propulsion  system  and  is  the  dreg  resulting  from  changes 
in  the  nozzle  exit  area  from  the  cylindrical  position  and  changes  in  the  internal  flow  from  fully  expanded 
conditions.  The  throttle  dependent  aft-end  drag  can  he  calculated  by  the  following  equation: 

■■DAFT-END  = aCDAE  9-  Ap0 

Figure  9 represents  a typical  throttle  dependent  aft-end  drag  map  for  .9  Mach  number.  Throttle 
dependent  drag  coefficient  is  plotted  as  a function  of  the  ratio  of  nozzle  exit  static  pressure  to  ambient 
pressure  for  lines  of  constant  nozzle  exit  area  divided  by  maximum  fuselage  cross-sectional  area.  The 
static  to  ambient  pressure  ratio  takes  into  account  the  effects  of  the  exhaust  plume  on  afterbody  drag.  The 
area  ratio  takes  into  account  fuselage  closure  effects  on  the  drag.  In  order  to  use  this  throttle  dependent 
nozzle  performance  map,  estimates  of  maximum  fuselage  cross-sectional  area  for  an  airplane  using  each  cycle 
were  made.  These  estimates  reflected  both  engine  size  and  shape. 

Several  interesting  trends  are  apparent  from  the  data  in  figure  9.  First,  the  larger  the  nozzle  exit 
area  relative  to  the  fuselage  maximum  cross-section  area,  the  lower  the  drag.  This  is  primarily  due  to  less 
aft  facing  projected  area  and  reduced  separated  flow  areas.  Secondly,  as  the  nozzle  operates  more  and  more 
underexpanded  (higher  exit  static  pressure)  the  drag  is  reduced.  Increased  recompression  due  to  the  increased 
turning  of  the  external  flow  to  follow  the  unde-expanded  exhaust  plume  could  cause  this  effect.  The  charac- 
teristics depicted  by  figure  9 are  considered  typical  and  were  used  for  this  study.  However,  exhaust  system 
performance  characteristics  are  sensitive  to  specific  configurations  and  operating  conditions  and  should  not 
be  generalized  for  use  in  other  than  trend  studies  such  as  this. 

Several  typical  nozzle  operating  points  for  tne  three  cycles  studied  are  plotted  on  figures  8 and  9. 

The  solid  symbols  represent  a maximum  afterburning  power  setting  while  the  open  symbols  show  operation. at 
a typical  subsc  ■:  cruise  power  setting.  At  maximum  afterburning  all  the  engines  ooerate  with  the  nozzle 

* **de  open  • ;ti'  n and  at  low  dra«  levels.  However,  at  cruise,  the  fixed  turbine  geometry  cycles  operate 
with  the  -ozzle  closed  down  and  suffer  a large  increase  in  drag.  Figure  8 shows  that  these  cycles  must  also 
trade  awuy  internal  performance  in  order  to  maximize  thrust  minus  drag.  On  the  other  hand,  the  variable 
turbine  geometry  turbojet  operates  at  cruise  with  a larger  nozzle  exit  area  which  results  in  nearly  a h0% 
throttle  dependent  drag  reduction,  relative  to  the  other  cycles.  Note  also  that  this  was  accomplished  without 
paying  as  much  of  an  internal  nozzle  performance  penalty , 

To  give  a butter  idea  of  the  magnitude  of  the  throttle  dependent  installation  losses,  figure  10  shows 
them  as  a prevent  of  aircraft  drag  at  a typical  subsonic  cruise  flight  condition.  Throttle  dependent  installation 
effects  make  up  nearly  20$  of  total  aircraft  cruise  drag  for  both  fixed  geometry  turbine  engines.  The  variable 
geometry  turbine  turbojet,  by  better  matching  the  inlet  and  aft-end  has  reduced  these  losses  to  only  10$  of 
total  aircraft  drag.  This  will  translate  to  cruise  fuel  consumption  payoff,  relative  to  the  fixed  cycles. 

Historically,  the  magnitude  and  impact  of  high  performance  aircraft  engine  installation  losses  are  under- 
estimated at  the  beginning  of  aircraft  development.  The  magnitude  of  the  losses  resulting  from  airframe/engine 
interaction  are  not  known  with  certainty  until  flight  test.  At  this  time  it  is  too  late  to  change  to  an  engine 
cycle  which  is  less  sensitive  to  Installation  losses.  Because  the  variable  geometry  turbine  turbojet  will 
better  match  the  inlet  and  nozzle  it  is  less  sensitive  to  these  losses  and  therefore,  the  risk  and  impact  of 
installation  losses  on  system  performance  will  be  minimized. 


IV.  INSTALLED  PERFORMANCE 


Combining  the  inlet  and  nozzle  performance  with  the  uninstalled  engine  performance  characteristics  per- 
mits calculation  of  the  overall  installed  performance  for  each  of  the  three  engine  cycles.  Installed  performance 
comparisons  are  presented  at  several  important  mission  flight  conditions.  Installed'  specific  fuel  consumption 
relative  to  the  turbofan  ideal  specific  fuel  consumption  at  maximum  afterburning  power  is  plotted  versus  installed 
net  thrust  nondimensionalized  by  the  turbofan  ideal  maximum  afterburning  thrust  at  that  condition. 

Figure  11  presents  the  installed  performance  comparisons  at  a subsonic  cruise  flight  condition.  The 
improvement  in  uninstalled  performance  due  to  the  audition  of  the  variable  geometry  turbine  coupled  with 
the  reduced  installation  losses  result  in  a cruise  fuel  consumption  for  the  variable  geometry  turbine 
turbojet  which  is  about  22%  less  than  that  of  the  fixed  turbine  turbojet  and  5$  less  than  the  turbo fan. 

Figure  12  displays  installed  performance  at  a subsonic  combat  flight  condition,  figure  13  at  a supersonic 
cruise  flight  condition;  and  figure  It  for  an  aircraft  acceleration.  The  fuel  consumption  at  these  flight 
conditions  relative  to  the  fixed  turbine  turbofan  are  summarized  in  table  II. 
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TABLE  II 


RELATIVE  FUEL  CONSUMPTIONS  AT  CRITICAL  MISSION  POINTS 


CONDITION 

MN /ALT/POWER  SETTING 

FGT/TF 

FGT/TJ 

VGT/TJ 

SUBSONIC  CRUISE 

•9/30K/PART  POWER 

1.0 

1.22 

• 95 

SUBSONIC  COMBAT 

■9/30K/MAX  A/B 

1.0 

• 9l» 

• 91 

SUPERSONIC  CRUISE 

1.6/50K/PART  A/B 

1.0 

.85 

.85 

ACCELERATION 

• 6-<-2, 5/36089 /MAX  A/B 

1.0 

.96 

.92 

The  data  in  this  table  show  that  the  variable  turbine  significantly  improves  the  subsonic  part  power 
fuel  consumption  of  the  turbojet  without  sacrificing  the  turbojet's  high  power  and  supersonic  advantage. 

It  shows  that  this  type  of  cycle  has  the  potential  for  significantly  reducing  fuel  consumption  ir.  a mission 
where  both  high  power  and  low  power  fuel  usage  are  important. 


V.  VARIABLE  GEOMETRY  TURBINE  DESIGN 


One  of  the  most  critical  aspects  of  this  variable  geometry  turbine  turbojet  is  the  design  of  the  turbine 
itself  which  must  operate  efficiently  over  a wider  range  of  conditions  than  a conventional  turbine  is  re- 
quired to  operate.  Any  undue  turbine  performance  penalty  can  quickly  wipe  out  the  potential  gains  in  cycle 
efficiency  and  installation  effects. 

As  the  variable  geometry  turbine  turbojet  is  throttled  below  intermediate  power,  airflow  and  compressor 
pressure  ratio  remain  constant  while  turbine  inlet  temperature  is  reduced.  In  order  to  maintain  this  con- 
stant compressor  match  to  thrust  levels  near  cruise  power,  the  turbine  must  be  able  to  produce  sufficient 
power  to  drive  the  compressor  at  its  design  point  over  a range  of  turbine  inlet  temperatures  of  nearly 
lltOO°R.  Turbine  exit  conditions,  such  as  swirl  and  Mach  number  and  turbine  stresses  generated  while  main- 
taining the  compressor  design  point  over  this  wide  range  of  temperatures  --equired  that  the  turbine  have  two 
stages.  In  this  design,  both  the  first  and  second  stage  turbine  vanes  are  mechanically  variable:  about 

a h0%  area  variation  from  minimum  area  :n  the  first  stage  and  15?  in  the  second  stage.  T*e  turbine  exit 
guide  vanes  are  not  variable.  At  the  maximum  turbi..e  inlet  temperatures  assumed  for  this  study  both  the 
first  stage  and  second  stage  vanes  and  rotor  must  be  cooled. 

The  major  point  of  the  variable  turbine  concept  is  to  improve  the  turbojet's  part  power  subsonic  cruise 
performance.  The  turbine  should  operate  as  close  as  possible  to  peak  turbine  efficiency  at  tins  condition. 
This  is  difficult  since  the  cruise  operatin0  ^oint  occuio  at  row  turDine  inlet  temperature  where  the  stage 
loading  and  exit  s\.  >1  Mach  number  and  angle  will  be  highest.  Particular  emphasis  should  be  given  to 
maximizing  turbine  efficiency  level  at  this  extreme  operating  condition. 

Figure  15  shows  the  variable  geometry  turbine  performance  for  the  operating  conditions  where  both  turbine 
inlet  temperature  and  turbine  area  are  controlled  to  produce  constant  power  to  maintain  the  design  compressor 
operating  point  unitl  limit  loading  is  reached.  Percent  of  maximum  turbine  flow  function  is  plotted  as  a 
function  of  percent  of  maximum  work  and  percent  of  minimum  flow  area.  The  second  part  of  the  figure  presents 
turbine  efficiency  relative  to  design  versus  relative  velocity  ratio,  again  for  lines  of  constant  percent  of 
minimum  flow  area.  Notice  that  as  the  vane  area  is  reduced,  (reducing  turbine  inlet  temperature)  the  turbine 
efficiency  increases. 


Two  engine  operatii  g pe'nts  are  plotted  on  this  turbine  performance  map.  The  open  symbol  represents 
intermediate  power  and  soV:S  symbol  is  a typical  cruise  condition.  The  cruise  operating  point  falls  at  the 
maximum  turbid-  efficiency  while  the  intermediate  power  point  is  at  a significantly  lower  performance  level. 

In  otherwords,  there  is  a penalty  at  high  power  settings  for  designing  the  turbine  for  the  minimum  temperature 
case.  However,  in  this  study  the  cruise  condition  was  considered  to  be  most  important. 


VI.  SUMMARY  AND  CONCLUSIONS 


The  performance  of  a variable  geometry  turbine  turbojet  was  compared  with  that  of  a fixed  geometry  turbine 
turbojet  and  a fixed  geometry  turbine  turbofan  at  several  different  flight  conditions.  The  variable  turbine 
was  used  to  maintain  desigr  compressor  operating  point  as  the  engine  was  throttled  back  to  a cruise  power 
setting.  This  resulted  in  improved  thermal  and  propulsive  efficiencies.  Equally  important  was  the  reduction 
in  inlet  and  nozzle  losses  achieved  by  maintaining  the  engine  airflow  at  the  design  level  over  a wide  range 
of  power  settings.  The  overall  result  is  a cycle  which  exhibits  the  good  part  power  installed  performance  of 
a turbo fan  and  still  retains  the  god  high  power  and  supersonic  performance  of  a turbojet.  As  a consequence, 
airplanes  incorporating  variable  turbine  geometry  turbojets  will,  have  the  flexibility  to  provide  good  per- 
formance for  a wide  variety  of  missions. 

The  design  of  the  variable  area  turbine  was  shown  to  be  very  important.  For  thin  study  a two  stage 
turbine  was  chosen  in  order  to  increa-e  the  range  of  turbine  inlet  temperatures  over  which  constant  compressor 
match  can  be  maintained.  The  turbine  was  designed  to  give  peak  efficiency  at  the  minimum  temperature, 
highest  stage  loading  conditions.  This  resulted  in  the  best  turbine  performa  ice  at  cruise  and  a penalty  at 
higher  power  settings. 


The  study  also  Indicates  that  the  variable  geometry  turbine  turbojet  has  several  operating  characteristics 
which  may  have  payoffs  in  areas  other  than  per'ormance.  Since  this  cycle  cruises  at  lower  turbine  inlet 
temperatures  than  a fixed  geometry  cycle  and  since  it  can  vary  thrust  over  a consiaerabxe  range  without 
changing  th  rotational  speed  of  the  engine  it  may  have  better  life  characteristics  than  either  the  fixed 
turbine  turbojet  or  turbofan.  Also,  a system  using  u variable  geometry  turbine  turbolet  will  be  less 
sensitive  to  the  impact  of  underestimating  engine  installation  losses  early  in  development 


This  study  does  not  represent  a complete  cycle  selection  study.  Other  parameters  such  as  engine  weight 
and  dimension  must  also  he  investigated.  Engine  cycle  and  airframe  variables  must  be  considered  interactively 
in  order  : properly  pick  the  best  cycle.  However,  this  preliminary  study  indicates  that  the  potential  of  a 

'■Liable  geometry  turbine  turbojet  is  large  and  it  may  offer  a' solution  to  the  growing  requirement  for 
flexibility  in  the  propulsion  system. 
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DISCUSSION 


J.F. Chevalier 

Si  je  me  refers’  i votre  Fig  2.  le  inolcur  a turbine  fixe  qui  sert  de  comparaison  est  utilise  avec  une  section  tie  tuyere 
cons  (ante  depuis  la  pleine  poussee  en  moteur  sec  jusqu'uu  regime  reduit.  Les  effets  d'installation  que  volts  ave/ 
calculi’s  montreraient  qu’il  est  deja  tris  important,  avant  de  faire  varier  la  turbine,  de  fairc  varier  la  section  du  col  de 
la  tuyere  a regime  reduit.  C'est  d'ailleurs  ce  qui  est  fait  dans  les  avions  tels  que  le  Mirage  III  equip*.1  d'un  monoflux 
ATAR  ou  I'on  a optimise  justement  la  section  du  col  de  la  tuyere  pour  reduire  les  pertes  d'installation.  Ave/-vous 
fait  le  caicul  avec  un  moteur  dans  lequel  on  ne  Tusait  varier  que  la  section  du  col  dc  tuyere? 

Autb’ir's  Reply 

Yes.  That  fixed  turbine  cycle  had  the  nozzle  throat  area  and  the  nozzle  exit  area  varied  in  order  to  optimize  thrust 
minus  drag.  However,  this  must  be  done  very  carefully.  The  engine  rematches  when  the  nozzle  throat  area  is 
changed  and  it  may  move  to  a point  of  considerably  poorer  cycle  effidcrcy.  Changing  the  nozzle  exit  area  will  im- 
pact the  internal  nozzle  performance.  There  is  a trade  then  between  external  nozzle  performance  and  internal 
nozzle  performance  ami  engine  cycle  performance.  In  this  paper,  each  engine  cycle  had  the  nozzle  areas  set  to 
obtain  the  optimum  thrust  minus  drag  at  each  flight  condition. 


W. (field 

In  your  formula  tor  installation  effects,  you  considered  spillage  drag  dependent  on  Mach  number  and  airflow  and  re- 
covery only  dependent  on  Mach  numbers.  If  recovery  is  considered  to  be  also  dependent  on  airflow,  spillage  and  re- 
covery iiavc  a partly  compensating  effect. 

Author’s  Reply 

In  the  preprint.  I explain  this  in  more  detail,  but  basically  yes.  the  pressure  recovery  varies  with  mass  (low  ratio.  Rut 
w-.-  felt  that  it  was  probably  a secondary  effect.  The  differences  in  pressure  recovery  between  the  Cjdes  we  were 
comparing  would  not  be  that  great.  And  it  greatly  simplifies  the  calculations  if  we  just  made  the  pressure  recovery  a 
function  of  Mach  number  and  not  also  of  mass  flow  ratio. 


II.Gricb 

In  your  figure  IS  you  show  a turbine  performance  map.  Is  tlus  performance  map  based  on  calculations  or  on 
measurements? 


Author's  Reply 

Yes  this  U a purely  analytical  map.  it  was  a predicted  performance  map. 
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VARIABLE  FLOW  TURBINES 


by 

R.J.  Latimer 

Rolls  Rovce  (1971)  Ltd 
Bristol  Engine  (iroup 
Bristol,  UK 


1 . Introduc  t ion 

With  fixed  Geometry  engines  there  is  only  one  flow-speed  relationship  for 
the  various  components  of  the  engine.  Though  it  is  sometimes  possible  to  design  the 
components  so  that  this  t low-speed  relation  is  acceptable  it  is  sometimes  desirable 
to  change  this  relationship  in  order  to  improve  the  performance  of  the  whole  engine. 

This  may  be  because  the  performance  of  the  individual  component  is  unacceptable  with 
the  dictated  t low-speed  relationship  or  because  the  overall  engine  pertormance  would 
be  improved  with  a different  matching  between  the  various  components. 

Compressor  variable  geometry  normally  comes  into  the  first  class  though 
variable  stagger  fans  are  an  exception  to  this.  Variable  final  nozzles  and  turbines 
normally  come  into  the  second  class. 

Turbine  flow  capacity  can  be  changed  m two  ways  either  by  restaggering  the 
stator  blades  or  by  restricting  the  annulus  area.  Whilst  the  first  method,  restaggering 
the  stator  blades,  allows  the  flow  to  be  increased  above  nominal  the  second  method  is 
usually  preferred  as  being  mechanically  simpler  to  introduce. 

Though  varying  turbine  fiow  capacity  is  not  in  general  use  on  engines,  it 
is  often  considered  at  the  project  stage  ar.d  hence  research  into  controlling  turbine 
flow  has  been  carried  out  at  Rolls  Royce  (1971)  Limited  and  this  paper  gives  a survey 
of  the  results  obtained. 

2.  Variable  Stagger  Bladirm 

In  order  to  determine  the  effect  of  varying  flow  capacity  on  turbine 
performance,  a large  range  of  research  turbine  stators  have  been  manufactured  with 
circular  root  fixings  in  order  that  tne  stagger  of  the  stators  may  be  varied. 

The  normal  variation  in  flow  capacity  is  quite  small  but  on  one  turbine  the 
flow  was  varied  over  a range  of  17,5%. 

Examining  initially  whether  there  is  any  general  pattern  we  look  at  Figure  1 
which  is  a selection  of  test  results  tor  live  turbines  covering  a range  of  pressure 
ratios  and  loadings.  It  can  he  seen  that  no  general  pattern  emerges  except  for  the 
conclusion  that  the  variation  in  efficiency  can  be  large. 

The  results  from  the  turbine  with  a large  flow  range  (Figure  U)bear  out 
this  observation  on  large  efficiency  variation  especially  in  the  region  of  increased 
flow.  It  should  be  noticed  from  Figure  '3  that  this  17. s%  variation  m flow  required 
a 2t>%  vanat:  n in  stator  throat  area.  The  variation  01  flow  with  stator  throat  areas 
was  linear  for  reducing  flow  capacity,  with  .1  ratio  of  approximately  itl  i.e.  14% 
reduction  in  area  giving  a 1,1.3%  reduction  in  flow.  With  increasing  flow  area  this 
was  not  the  case  it  requiring  a 12%  increase  m flow  area  tor  a 5 . 2%  increase  in  flow 
with  an  apparent  maximum  flow  change  of  0% 

3.  Variable  Annulus  Area 


There  are  two  obvious  ways  or  restricting  the  annulus  area,  either  by 
mecnaiucal ly  introducing  an  obstruction  into  the  flow  or  by  introducing  secondary  air, 
ideally  m such  a way  that  the  efrective  flow  restriction  is  bigger  than  the  amount  of 
secondary  :»i  r . 

Both  methods  were  tested,  the  mechanical  system  was  t'mu'ated  by  attaching  wedyes 
to  the  casing  inside  the  blade  passages  (Figure  4),  the  secui.dary  air  was  injected  through 
annular  grooves  both  ahead  of  and  behind  the  stator  and  through  slots  at  the  stator 
throat  (Figures  5 and  o). 

It  can  he  seen  that  two  turbines  wete  used  fur  these  tests,  an  H.F.  turbine 
with  high  hub/ tip  ratio  anduifiared  stator  and  an  L.P.  turbine  with  low  hub/np  ratio 
and  a flared  stator. 

We  will  deal  with  the  variation  of  flow  first  since  this  is  the  objective  of 
the  exercise.  The  wedges  were  an  effective  way  of  altering  the  fiow  since  lot  wedges 
on  the  outer  wall  a 1,1%  annulus  blockage  produced  a n%  reduction  m entry  flow  and  for 
wedges  on  the  timet  wall  a 1 2%  annulus  blockage  produced  a 1 1%  reduction  in  entry  tiow. 


K^Y^V'~w^V; 


The  effect  of  secondary  air  injection  is  shown  in  figure  7 where  it  can  be  seen  that 
upstream  annulus  injection  and  throat  injection  are  effective  in  that  they  produce  more 
blockage  than  the  amount  of  secondary  air.  It  can  also  be  seen  that  downstream 
annulus  injection  is  not  very  effective. 

When  we  look  at  the  eilect  of  flow  variation  on  turbine  efficiency  (Figure  8) 
the  position  becomes  much  more  precise  in  that  the  only  form  of  secondary  injection 
that  has.  an  acceptable  efficiency  loss  is  injection  at  or  near  the  stator  throat,  and 
that  the  efficiency  loss  tor  wedge  control  and  throat  injection  is  similar. 

*1 . L)i  scussion 

If  we  examine  all  the  efficiencies  obtained  for  both  turbines  and  include  the 
variable  stagger  stator  results  on  a similar  L.P.  turbine,  several  trends  become  apparent, 
Figure  0. 

Firstly,  the  assumed  prefered  solution  is  the  most  efficient,  i.e.  variable 
stagger  stators.  These  produce  a loss  in  efficiency  of  0.2%  for  every  1%  change  in 
inlet  flow. 

Secondly,  annular  slots  are  a very  inefficient  way  of  control’  \ng  flow,  a 
loss  ot  over  4%  in  efficiency  being  obtained  even  at  very  low  flow  changes. 

Thirdly,  throat  injection  and  wedges  seem  to  be  equally  efficient  and  after 
an  initial  deficit  of  0.o%  lose  0.3%  in  efficiency  for  every  1%  in  flow  reduction. 


Fourthly,  there  seems  to  be  no  difference  in  effect  between  the  two  turbines 


examined. 


From  figure  7,  which  is  a plot  of  main  flow  variation  against  secondary  flow, 
it  can  be  seen  that  throat  injection  is  a very  efficient  way  of  using  secondary  air  a 
ratio  of  almost  Ssi  being  obtained,  though  at  a high  secondary  air  pressure  ratio. 

In  all  these  tests  with  secondary  air  the  efficiencies  have  been  calculated 
using  the  total  inlet  enthalpy  of  loth  the  main  stream  and  the  secondary  air  and  all 
the  flows  have  been  corrected  to  standard  temperature  and  pressure. 

5 . Cone  1 us  ions 


1.  The  most  efficient  way  of  controlling  turbine  entry  flow  is  by  stator 
stagger  variations. 

2.  Flow  control  by  restricting  the  stator  throat  either  by  mechanical  or 
aerodynamic  means  is  effective  and  reasonably  efficient. 

3.  Controlling  the  flow  by  annular  air  injection  can  be  ineffective  and 
is  highly  inefficient. 


Nomenclature 


P Total  Pressure 


T Total  Temperature 


Mass  Flow 


Subset'  rpts 


Unconstrained  mainstream 


Secondar  y 


VARIABLE  STAGGER  STATORS  L'L  VARIABLE  STAGGER  STATORS 


RLLATtVE  FLOW 


AT  T ft  MOAT 
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SUMMARY 

Baiad  on  steody-state  and  traniient  performance  characteristic*  of  a two  '.pool  turboshaft  engine,  the  possible 
improvement!  resulting  from  a variable  geometry  power  turbine  ora  discussed  and  the  design  requirements  defined. 

The  aerodynamic  design  of  a turbine  fulfilling  these  requirements  Is  described  and  the  predicted  power  turbine 
char  cteristic  is  presented  and  compared  with  component  test  results.  The  design  and  development  of  the  hot  environ- 
ment variable  stator  mechanism  is  described,  including  consideration  of  the  vane  positioning  accuracy  and  response 
characteristics. 

Performance  test  results  and  the  problems  encountered  with  the  turbine  operating  in  a full-scale  engine  are  pre- 
sented. Mechanical  aspects  such  as  the  long-term  endurance  capability  of  the  variable  stator  mechanism,  a*  well  as 
vibrational  problems  of  the  rotor  blading  caused  by  the  variable  geometry,  are  discussed. 


SYMBOLS 


f 

Hz 

frequency 

a 

0 

power  turbine  guide  vane 

H 

JAflK 

specific  work 

turning  angle 

M 

kg/s 

mass  flow 

n 

% 

isentropic  efficiency 

M 

a/* 

fuel  mass  flow 

ITc 

compressor  pressure  ratio 

r 

N 

1/min 

rotor  speed 

*d 

N/mm 

dynamic  stress 

P 

kW 

power 

Ml^/Pt 

kg  /K/s  bar 

capacity 

Pt 

bar 

total  pressure 

T 

Nm 

torque 

T, 

K 

total  temperature 

Subscripts 

I compressor  inlet 

3 gas  generator  turbine  inlet 

5 power  turbine  Inlet 

C compressor 

PT  power  turbine 


1.  INTRODUCTION 

Variable  geometry  components  offer  a possibility  of  significantly  Increasing  the  operating  range  of  gas  turbine 
engines  and  of  Improving  Riel  consumption  and  handling.  Such  improvements  hove  already  been  widely  achieved  through 
the  use  of  variable  compressor  stc’on  and  thrust  nozzles. 

With  better  materials  technology,  voriable  geometry  in  the  hot  parts  of  gas  turbines  appears  feasible  and  has  also 
been  investigated  In  recent  years  (Ref.  1 to  3).  The  effects  of  variable  turbines  on  |et  engine  performance  were  demon- 
strated with  a modified  Gorrett-AI Research  TFE  731  twin  spool  geared  fan  engine  (Ref.  4,  5).  The  development  of  a 
variable  turbine  advanced  gas  generator  has  been  initiated  with  the  JTDE-programme  (Joint  Technology  Demonstrator 
Engine)  In  the  United  States  (Ref.  6,  7). 

Another  promising  application  is  the  variable  power  turbine  for  two  spool  turboshoft  engines.  Such  systems  hove 
been  investigated  primarily  by  manufacturers  of  regenerotlve  gas  turbines  (Ref.  8,  9).  The  performance  improvement 
in  such  applleatirm  is  demonstrated  In  the  compressor  mop  of  Fig.  1 . At  port  load  the  fixed  geometry  engine  operates 
with  increaed  specific  fuel  consumption.  With  varioble  power  turbine  nozzles,  however,  the  gas  generator  can  be 
controlled  to  operate  at  a practically  constant  specific  fuel  consumption,  for  example  along  o constant  turbine  inlet 
temperature  line. 

This  Improvement  does  not  opply  to  the  non-regenerotlve  gas  turbine.  The  same  port-lood  power  (Fig.  2)  con  be 
selected  either  with  varioble  turbine  nozzles  at  high  turbine  inlet  temperature  and  low  compressor  pressure  rotio,  or  with 
fixed  geometry  at  lower  ttmperature  and  higher  pressure  rotio.  In  both  cases,  the  specific  fuel  consumption  is  proetlcolly 
the  same. 


However,  there  or*  other  od vantages  applicable  to  both  type*  of  enginei.  Increasing  the  power  turbine  nozzle 
area,  lower*  the  working  line  of  the  compressor  (Fig.  3)  ond  results  In  higher  gas  generator  turbine  excess  power  during 
acceleration.  This  leads  to  a considerable  reduction  of  acceleration  time  of  the  gas  generator  rotor.  It  should  be  noted, 
though,  that  there  Is  a power  lag  of  the  engine  during  acceleration. 

Varying  the  power  turbine  capacity  permits  a free  selection  of  the  gas  generator  operating  point.  This  con  be  used 
to  ensure  sufficient  surge  margin  for  all  operating  conditions.  The  handling  Improvement  obtained  by  this  means  con  eli- 
minate the  necessity  for  variable  compressor  geometry  or  air  bleeding. 

Furthermore,  the  variable  nozzle  can  be  scheduled  to  Improve  storting  characteristics,  as  well  as  idling  fuel  con- 
sumption at  acceptable  gas  generator  speeds. 

If  these  advantages  are  to  be  obtained  with  a turboshaft  engine  Incorporating  a variable  geometry  power  turbine, 
the  following  thermodynamic  requirements  must  be  fulfilled  by  the  aerodynamic  and  mechanlcoi  design: 

- Maximum  change  of  nozzle  area  from  closed  to  open  (neutral)  position. 

- Low  efficiency  sensitivity  to  nozzle  area  variation 

- Variable  geometry  mechcnlsm  with  low  leakages  and  long  life. 

- Sensitive  response  to  the  control  system  ct  small  vane  outlet  angles  (closed  position). 

A power  turbine  to  fulfill  these  requirements  was  designed  and  evaluated  in  rig  and  full-scale  engine  testing. 

2.  AERODYNAMIC  DESIGN  CONSIDERATIONS 

A variable  geometry  turbine  must  have  a range  of  some  60°  through  which  the  vones  can  be  turned,  In  order  to 
meet  all  engine  requirements  stated  above.  This  range  provides  continuous  coverage  from  the  smallest  throat  area  at  full 
load  (closed  nozzle)  up  to  the  neutral  position  with  the  largest  throat  area  (opened  nozzle)  (Fig.  4).  For  aerodynamic 
reasons,  nozzle  guide  vanes  with  two-part  profiles  and  adjustable  trailing  edge  segment  cannot  b«  designed  to  cover  such 
a wide  setting  range.  Undivided  vanes  were  therefore  provided  for  the  nozzle  assembly,  „,ch  as  have  also  been  described 
by  C.J.  Rahnke  (Ref.  9).  To  keep  down  the  radial  clearances  through  the  entire  turning  range,  the  inner  and  outer  nozzle 
shrouds  are  contoured  with  a spherical  radius. 

Changing  incidence  at  the  profile  nose  of  the  nozzle  guide  vanes  is  inevitable,  owing  to  the  vanes  being  turned 
and  the  flow  direction  upstream  of  the  turbine  changing  with  the  engine  operating  point.  To  make  efficiency  Insensitive 
to  these  effects,  the  vanes  must  be  optimised  for  the  most  important  operating  range,  and  the  profile  nose  must  be  de- 
signed so  that  It  Is  insensitive  to  changing  incidence.  The  same  considerations  apply  also  to  the  rotor  blading,  as  the 
incidence  is  similarly  affected  by  the  setting  of  the  nozzle  guide  vanes. 

3.  AERODYNAMIC  RIG  TESTING  AND  COMPARISON  WITH  PREDICTED  CHARACTERISTICS 

On  the  basis  of  the  above  mentioned  considerations,  a turbine  was  designed  and  Its  operating  characteristics  were 
investigated  by  means  of  component  tests.  The  flow  upstream  of  the  test  turbine  was  generated  by  moons  of  inlet  guide 
vanes,  which  simulated  the  exit  flow  of  a turbine  stage  in  front  of  the  test  turbine  at  the  design  point.  These  flow  condi- 
tions ware  kept  unchanged  for  all  tests.  Measurements  were  made  on  the  turbine  with  the  nozzle  guide  vanes  set  at  the 
three  angles  a = 0 , + 7.5°  ond  + 17.5  . The  setting  a = 0°  corresponds  to  the  design  point,  the  positive  angles 
represent  openad-up  positions  of  the  vanes. 

First  of  all,  torque  was  measured  as  a function  of  the  mass  flow  at  the  three  turning  angles  with  the  rotor  stationary 
and  the  results  were  compared  with  predicted  characteristics.  Fig.  5 shows  good  agreement  between  test  and  computed 
values.  The  torque  curve  for  the  vane  angle  a = - 7.5  (nozzle  assembly  closed  beyond  the  design  point)  resulting  from 
calculation  only,  was  also  plotted.  Fig.  5 shows  that  torque  builds  up  as  the  turning  angle  a decreases  and  the  mass 
flow  increases. 

This  characteristic  of  the  variable  geometry  turbine  can  be  used,  for  instance,  to  obtain  an  instantaneous  boost 
of  output  torque  with  the  power  turbine  stationary.  The  gat  generator  Is  run  up  to  full  speed  and  the  variable  nozzle  guide 
vones  are  brought  to  the  neutral  position.  Owing  to  the  small  pressure  ratio,  the  engine  runs  with  low  torque  ot  o high 
power  turbine  capocity.  By  closing  down  the  nozzle  guide  vanes  ond  Increasing  the  fuel  flow,  the  gat  generator  can  then 
be  brought  up  to  full  lood  without  lagging  and  full  torque  It  obtained  at  the  output  shaft. 

In  the  following  series  of  tests,  efficiencies  and  matt  flows  were  measured  at  the  three  vane  turning  angles  at  a 
function  of  tpeciflc  work  ot  three  different  corrected  speeds.  Here,  too,  test  results  were  compared  with  predictions. 

Fig.  6 shows  efficiency  os  a function  of  tpeciflc  work  ond  vane  ongle  for  three  corrected  speeds.  Efficiencies  measured 
tolly  well  with  the  predicted  efficiency  curvet  for  all  three  vane  turning  angles.  It  it  clear  from  this  figure  that  efficiency 
falls  off  at  all  speeds  ot  the  vane  turning  angle  increases.  But  it  can  also  be  teen  that  this  drop  in  efficiency  it  greater 
at  high  speeds  than  at  low  speeds.  Accordingly,  it  it  an  odvantage  to  run  idling  range  working  points  at  low  power  turbine 
speeds  and  to  raise  speed  at  specific  work  increases. 

In  Fig.  7,  the  mass  flow  - likewise  at  a function  of  tpeciflc  work  - It  plotted  with  the  vane  ongle  at  a para- 
meter for  the  three  corrected  speeds.  As  expected,  the  turbine  mats  flow  increases  with  the  vane  turning  towards  the  neutral 
position.  Test  results  tolly  well  In  their  trend  with  the  predicted  curvet,  but  differences  in  level  up  to  about  3%  do  occur. 
Measured  mats  flow  is  affected  less  by  the  vone  turning  ongle  than  the  predicted  voluet.  This  may  be  due  to  the  fact  that 
the  change  in  mass  flow  caused  by  the  change  In  vane  angle  and  the  associated  incidence  mgle  ot  the  rotor  blode  leading 
edge  Is  not  sufficiently  accurately  covered  In  the  prediction  of  the  characteristic.  Calculation  of  turbine  performance  ot 
large  incidence  angles  Is  namely  difficult  and  problematical, in  that  flow  separation  moy  occur.  The  results  shown  in  Figs. 

6 and  7 agree  with  similar  investigations  (Ref.  9 to  1 1). 


4.  DESIGN  AND  DEVELOPMENT  OF  THE  ACTUATION  MECHANISM 


Fig,  4 shows  the  design  scheme  of  the  adjustable  nozzle  guide  vanes  In  the  flow  duct.  The  bearing!  for  the  adjust- 
able vanes  are  on  the  outer  perimeter  of  the  flow  duct.  Five  struts  support  the  Inner  duct  wall.  As  mentioned  before,  the 
outer  and  Inner  contours  of  the  flow  channel  have  a spherical  configuration  In  the  turning  zone  of  the  vanes,  so  that  the 
top  and  bottom  clearances  between  the  vanes  and  the  flow  duct  do  not  alter  when  the  vanes  are  turned  (tee  alto  Ref.  9). 

The  bearings  for  the  vane  shafts  were  optimised  In  an  extensive  development  programme.  They  were  first  tried  out 
on  two  test  stands,  In  which  3 or  6 vanes  with  their  bearings  were  set  up.  Each  vane  was  turned  by  a windscreen  wiper 
motor  with  a frequency  of  60  I/min.  Weights  were  used  to  simulate  the  operating  load  on  the  bearings. 

Electrical  resistance  heating  or  a hot-gas  stream  from  a combustion  chamber  was  used  to  generate  the  operating 
temperature.  In  the  latter  case,  it  was  possible  to  vary  the  temperature  by  intermittent  lighting  up  and  shutting  off  of 
the  combustion  chamber.  This  cycle  lasted  6 minutes,  the  gas  temperature  being  changed  between  323  and  1 1 23  K.  The 
temperature  in  the  vane  shaft  changed  from  373  to  923  K. 

Three  of  the  versions  tested  are  shown  in  Fig.  8.  In  the  case  of  version  1 , It  was  assumed  that  the  shaft  hod  to  be 
cooled.  For  this  purpose,  cooling  air  was  fed  to  the  centre  of  the  shaft  and  extracted  on  both  sides  throttled  via  labyrinth 
chambers.  The  shaft  and  the  sleeves  were  eonted.  The  test  temperature  was  kept  steady  at  1073  K.  The  test  had  to  be 
broken  off  after  147  hours.  The  anti-friction  coatings  on  all  parts  had  been  ruined,  the  labyrinth  fins  had  made  deep 
scores  in  the  sleeves  and  consequently  the  bearing  clearance  had  become  unacceptably  large. 

In  version  2,  a cylindrical  vane  shaft  was  used.  Various  materials  for  the  vanes  and  sleeves  were  investigated. 

In  ail  cases,  the  bearings  jammed  after  several  temperature  changes.  They  only  functioned  satisfactorily  with  a very 
large  bearing  clearance,  which  resulted  in  an  unacceptably  large  gas  leakage. 

A substantial  improvement  was  obtained  when  the  vane  shoft  in  version  3 was  mounted  in  two  sleeves  made  of 
>.eramic  material . In  these  sleeves,  vanes  with  uncoated  shafts  were  tested  at  a steady  temperature  of  1 1 23  K for  1 200 
hours  and  at  changing  temperature  for  3000  hours.  In  operation  in  the  engine,  these  bearings  have  so  far  logged  1800 
hours. 

5.  PERFORMANCE  AND  MECHANICAL  EVALUATION  IN  ENGINE  OPERATION 

The  effects  mentioned  in  the  introduction  of  a variable  geometry  power  turbine  on  performance  wore  confirmed 
in  the  engine  test.  In  addition,  several  secondary  effects  were  ascertained.  Variable  nozzle  guide  vanes  are  the  eeriest 
conceivable  means  of  compensating  for  any  thermodynamic  mismatching  of  the  components.  In  the  case  of  the  fixed 
geometry  engine,  the  entire  nozzle  assembly  would  have  to  be  changed. 

Compared  with  the  component  test,  a loss  of  1 % to  2 % in  efficiency  was  analysed.  It  was  put  down  to  the  dif- 
ferent inlet  flow  angle  and  the  bigger  clearances  in  the  engine.  There  were  no  thermodynamic  problems  worth  mentioning 
associated  with  the  setting  accuracy  of  the  vane  turning  angle,  either  in  steady-state  or  transient  operation. 

Two  mechanisms  to  actuate  the  variable  nozzles  were  tried  out  with  the  nngine  in  operation.  In  the  design  shown 
in  Fig.  9,  the  vane  actuating  levers  are  connected  to  an  actuaticn  ring  via  ball-and-socket  joints.  The  actuation  ring 
must  have  axial  freedom  in  operation,  so  that  it  can  follow  the  circular  movement  of  the  actuating  lever.  In  conjunction 
with  the  relatively  large  play  in  the  actuating  system,  the  actuation  ring  can  tilt  in  the  axial  direction.  This  causes 
incorrect  positioning  of  the  variable  vanes  around  the  perimeter.  The  actuation  ring  is  moved  by  two  hydraulic  cylinders, 
as  shown  schematically.  This  largely  keeps  radial  forces  owoy  from  the  bearing  of  the  actuation  ring. 

The  vane  pivot  point  is  well  to  the  rear,  providing  the  advantage  that  the  trailing  edge  of  the  vane  swings  only 
slightly  when  the  vane  is  turned  and  there  is  only  o minor  chonge  in  the  gap  between  the  vane  and  rotor  cascades.  With 
this  arrangement,  the  gas  forces  exert  a continuous  torque  on  the  turning  shoft,  providing  play-free  following  of  the 
vanes  when  they  are  turned. 

In  the  second  design  shown  in  Fig.  9,  the  actuation  ring  is  guided  In  a wire-race  ball  bearing.  The  vanes  are 
turned  by  toothed  segments.  Differing  positions  of  the  vanes  around  the  perimeter,  owing  to  the  axial  freedom  of  the 
actuation  ring,  as  il.«  case  of  design  1,  are  no  longer  possible. 


6.  VIBRATION  PROBLEMS 

In  what  follows,  characteristic  phenomena  in  the  vibration  behaviour  of  the  turbine  blades  resulting  from  the 
variable  nozzle  guide  vanes  ore  described  on  the  basis  of  interesting  results  obtained  from  measuring  blade  vlbraticm  on 
the  single-stage  power  turbine.  The  aspects  dealt  with  are  the  sensitivity  of  the  turbine  blades  to  interfering  objects  In 
the  flow  poth,  the  extension  of  the  resonance  ranges  resulting  from  the  many  possible  operating  conditions, and  the  vari- 
ability of  the  axial  spacing  between  nozzle  guide  vane  and  rotor  blade  and  Its  influence  on  the  amplitude  of  resonance 
stresses. 

The  turbine  blade  investigated  in  full-scale  engine  operation  showed  unexpectedly  high  stress  amplitudes  of  the 
first  flap  mode  where  it  is  excited  by  the  8th  engine  order  (Fig.  10).  The  design  of  the  engine  provides  no  simple  expla- 
nation for  this  effect.  The  flow  upstream  of  the  turbine  is  disturbed  by  the  support  struts,  the  pressure  and  the  temperature 
probes  shown  in  Fig.  1 1 . A harmonic  analysis  of  these  interfering  objects  indicated  thot  the  phenomenon  mentioned  it 
to  be  attributed  mainly  to  the  distribution  of  the  temperature  probes,  although  they  ore  fitted  at  a relatively  greet  distance 
from  the  turbine.  The  distribution  of  the  probes  and  the  results  of  the  hormonlc  onolytlt  calculations  are  shown  in  Fig.  12 
for  two  different  arrangements  of  the  thermocouples.  It  con  be  teen  that  removli^  two  of  the  temperature  probes  should 
holve  the  excitation  intensity  of  the  8th  engine  order. 

Blade  vibration  with  both  arrangements  of  the  thermocouples  was  measured  under  Identical  operating  conditions. 


The  resonance  stresses  measured  with  two  strain  gauges  at  different  positions  on  the  blode  surface  are  also  shown  in  Fig.  12 
as  a function  of  the  guide  vane  position.  Test  results  do  not  agree  with  the  analysis  when  the  turbine  guide  vanes  are 
closed.  However,  there  is  a significant  reduction  in  the  stresses  when  the  vanes  are  in  the  neutral  position.  This  pheno- 
menon is  ecslly  Interpreted,  if  it  is  borne  in  mind  that  flow  is  accelerated  by  the  closed  nozzle  assembly,  disturbances 
being  reduced  in  the  process,  whereas  the  open  nozzle  assembly  scarcely  affects  the  velocity  profile.  This  means,  as  a 
general  consequence,  that  increased  attention  must  be  paid,  right  from  the  design  stage,  to  the  arrangement  of  probes 
and  support  struts  as  potential  exciters  of  vibration.  In  the  specific  case  described,  a better  distribution  of  the  thermo- 
couples was  recommended  as  a provisional  measure  to  reduce  dynamic  stresses. 

Another  aspect  of  variable  guide  vane  geometry  in  relation  to  the  vibration  behaviour  of  the  turbine  is  thy  exten- 
sion of  the  scatter  range  of  the  speed  at  which  resonance  occurs.  There  is  scatter  in  the  natural  frequencies  of  the  blades 
of  all  turbomachinery,  owing  to  dimensional  deviations  of  the  blade  profiles  from  their  ideol  shape.  Differing  operating 
conditions,  which  result  in  a change  in  blade  temperature,  extend  this  scotter  range  still  more.  In  a fixed  geometry 
engine,  the  temperature  levels  in  the  power  turbine  are  determined  by  the  gas  generator  speed  and  the  ambient  conditions. 

In  the  variable  geometry  turbine,  the  same  effect  can  be  produced  independently  of  the  gos  generator  speed,  by  changing 
power  turbine  guide  vane  throat  area  (Fig.  13).  it  follows  that  when  the  dynamic  properties  of  the  rotor  blades  of  variable 
geometry  turbines  are  assessed,  greater  attention  must  be  given  to  the  scatter  In  frequencies  and  speeds  at  which  resonance 
occurs. 

A further  special  feature  of  variable  nozzle  guide  vane  geometry  is  the  changing  spacing  between  vane  trailing 
edges  and  rotor  blade  leading  edges  (Fig.  11).  Naturally,  this  effect  depends  on  the  point  selected  to  pivot  the  guide 
vanes.  The  trailing  edge  of  the  guide  vane  can  be  considered  a good  pivot  point  vibration-wise,  involving  a spacing  to 
the  rotor  blades  which  does  not  vary.  However,  as  many  expects  must  be  considered  in  designing  a variable  nozzle 
assembly,  the  best  solution  appears  to  be  the  compromise  presented  in  Fig.  9.  As  resonance  with  the  guide  vane  exci- 
tation order  can  certainly  be  expected  in  the  low  speed  range,  it  should  be  ensured,  irrespective  of  the  guide  vane 
pivot  point  chosen,  that  the  minimum  axial  spacing  obtained  when  the  nozzle  assembly  is  opened  is  not  less  than  an 
empirical  value  of  about  30  % of  the  guide  vane  chord  length.  This  should  substantially  reduce  the  excitotion  intensity 
of  the  guide  vane  wake  (Ref.  1 2). 

Fig.  14  shows  the  resonance  stresses  of  the  guide  vane  excitation  order  as  a function  of  the  gee  generator  speed  for 
two  different  positions  of  the  guide  vanes.  The  result  is  entirely  consistent  with  previous  findings  an  the  effect  of  the 
spacing  between  nozzle  guide  vane  and  rotor  blade  on  the  amplitude  of  resonance  stresses  to  be  expected  (Ref.  !3). 

A general  consequence  of  ensuring  a minimum  spacing  between  nozzle  assemblies  and  rotor  cascades  is  a some- 
what greater  overall  length  of  variable  geometry  engines.  In  the  specific  case  investigated,  on  the  one  hand  the  axial 
spacing  was  enlarged  by  shifting  the  rotor  and,  on  the  other  hand,  the  range  through  which  the  guide  vanes  can  be  turned 
was  restricted  to  a minimum  compatible  with  function. 

7.  CONCLUSIONS 

The  investigations  carried  out  have  confirmed  that  a variable  geometry  power  turbine  can  increase  tho  flexibility 
of  a turboshaft  engine  and  improve  its  performance.  Turning  of  the  nozzle  guide  vanes  demonstrated  the  expected  effi- 
ciency drop  at  off-design  settings.  However,  this  drop  is  leu  than  3 % for  a turning  angle  of  approx.  15  . Optimum  effi- 
ciency for  all  vane  turning  angles  shifts  to  smaller  aerodynamic  loadings  as  speed  decreases.  Particular  care  is  needed  in 
setting  the  clearcnces  in  the  engine. 

The  actuation  mechanism  was  developed  to  a stage  ensuring  high  accuracy  of  settings  and  a considerable  service 
life.  It  is  evident  that  current  technology  can  cope  with  a hot  environment  up  to  1150  K.  Engines  with  variable  geometry 
nozzle  guide  vanes  react  more  sensitively  to  interferring  objects  in  the  flow  duct  and  their  resonance  speeds  also  have 
wider  scatter.  The  resonance  stress  level  of  the  rotor  blades  is  influenced  by  the  turning  of  the  nozzle  guide  vane*  and  the 
resulting  change  in  the  axiol  spacing  between  nozzle  guide  vanes  and  rotor. 
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fig,  t:  Variable  power  turbine  effects  on 
regenerative  engine  performance 


Fig.  1 ffftett  of  veritable  power  turbine  on  got 
generator  acceleration 


Fig.  2:  Variable  power  turbine  e!fect»  on  non 
regenerative  engine  performance 


Fig.  Variable  neosle  teheee 


Fig,  ft  Guide  vane  bearing  concept* 
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9:  Actuation  mechoniim  »ch«m*» 
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Fig.  11:  Objects  interferring  with  the  flow 
upstream  of  the  turbine 


Fig^J^  Spectrum  of  the  harmonic  excitation  caused 
by  disturbances  in  the  flow,  and  measured 
first  flap  mode  dynamic  stresses  corresponding 
to  the  8th  harmonic 
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Fig,  13:  Scatter  of  first  flap  resonances,  as  caused 
by  operating  conditions  and  vibration  pro- 
perties of  the  individual  blades 


Fig.  14:  Measured  resonant  bending  stresses  of  the 
first  flap  mode  as  affected  by  guide  vane 
setting  and  gas  generator  speed 


DISCUSSION 


P.A.xhitcman 

Tlie  variable  nozzle  guide  vane  has  been  designed  to  have  a pivot  position  to  the  rear  of  the  blade  to  provide  a 
continuous  load  on  the  mechanism.  Have  you  considered  what  happens  to  the  NGV  in  the  event  of  failure  of  the 
driving  mechanism? 

Author's  Reply 

This  depends  on  the  failure  position.  If  the  failure  is  dose  to  the  NGV  this  would  result  in  the  NGV  closing.  This 
may  be  detrimental  to  the  engine.  Ideally  the  NGV’s  should  be  brought  to  a position,  where  the  engine  can  produce 
shaft  power  without  being  overheated. 


INTEGRATED  PROPULSION  CONTROL  SYSTEM 
FOR  FIGHTER  AIRCRAFT 

by 
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SUMMARY 

An  Integrated  Propulsion  Control  System  (IPCS)  has  been  designed,  fabricated  and 
flight  tested  on  a F-lll  aircraft.  The  IPCS  combined  the  functions  of  the  traditionally 
separate  inlet  and  engine  controls  into  one  computational  unit.  This  integrated  approach 
has  proven  to  be  a most  effective  way  to  utilize  the  full  potential  of  the  propulsion 
components  to  achieve  a high  performance  aircraft. 

The  program  utilized  the  combined  talents  and  special  resources  of  the  Air  Force  Aero 
Propulsion  Laboratory  and  the  NASA  Lewis  and  Dryden  Research  Centers  to  provide  program 
management  and  altitude  and  flight  testing.  In  the  contracted  portion  of  the  effort,  the 
Boeing  Aerospace  Company  provided  a unique  tripartite  approach  that  formed  the  IPCS  team 
with  engineering  personnel  from  aircraft,  propulsion  and  controls  companies. 


GLOSSARY 


IPCS 

NASA 

LeRC 

DFRC 

USAF 

DPCU 

PSU 

DCU 

IFU 

HMC 

BOMDIG 


Integrated  Propulsion  Control  System 

N.’itional  Aeronautics  and  Space  Administration 

Lewis  Research  Center 

Dryden  Flight  Research  Center 

United  States  Air  Force 

Digital  Propulsion  Control  Unit 

Power  Supply  Unit 

Digital  Computer  Unit 

Interface  Unit 

Bill-of-Material  Hydromechanical  Control 
Digital  Replica  of  Bill-of-Material  Control 


INTRODUCTION 


Historically,  the  primary  means  of  increasing  engine  performance  has  been  through 
improvements  in  component  efficiencies  and  increased  cycle  temperatures  and  pressures. 

Now  that  the  limits  of  these  methods  are  being  approached,  the  primary  means  for  enhanc- 
ing overall  airplane  mission  performance  will  be  the  use  of  variability  in  the  engine 
cycle  itself.  Althougn  there  are  many  engine  concepts  under  discussion  at  the  present 
time,  it  is  reasonably  certain  that  the  number  of  controlled  variables  will  be  increased 
when  compared  to  existing  operational  engines.  The  trend  in  this  direction  has  signifi- 
cant implications  for  the  controls  engineer,  Previously,  emphasis  has  been  placed  on 
improvements  in  accuracy  and  control  logic  to  ensure  that  the  engine  was  operating  near 
peak  efficiency  and  within  safe  limits.  With  the  coming  generation  of  engines,  these 
goals  will  not  be  relaxed.  However,  additional  criteria  will  be  used  to  judge  the  ade- 
quacy of  the  propulsion  control  system.  The  primary  control  function  will  ultimately 
become  that  of  continuous  regulation  of  the  variable  geometry  of  the  propulsion  system 
in  response  to  such  specific  airplane  requirements  and  minimum  fuel  consumption  or  maxi- 
mize thrust  (Ref  1).  This  is  not  a trivial  task,  especially  since  it  will  require  the 
involvement  of  controls  engineers  in  propulsion  and  aircraft  performance  studies  at  a 
level  far  beyond  customary  practice  and  implies  rather  large  increases  in  control  comput- 
ing power  with  the  attendant  difficulties  with  software  management. 


IPCS  BACKGROUND 


Major  tasks  in  the  development  of  control  capability  to  meet  future  needs  are  (1)  the 
demonstration  of  the  use  of  the  digital  computer  for  total  control,  (2)  the  combined  con- 
trol of  the  entire  propulsion  system  - supersonic  inlet,  engine  and  afterburner  (Ref  2) 
and  (3)  a demonstration  of  the  effectiveness  of  inter-disciplinary  teams  of  controls 
engineers  in  solving  the  propulsion  control  problem.  The  desirability  of  accomplishing 
these  tasks  become  apparent  in  the  1960's.  However,  it  was  not  until  the  early  1970's 
that  advances  in  digital  electronics  made  this  approach  feasible,  and  the  planning  of  a 
program  to  accomplish  these  task  begun. 


During  this  period  of  time  the  goals  of  the  National  Aeronautics  and  Space  Administra 
tion  (NASA)  paralleled  to  those  of  the  United  States  Air  Force  (USAF)  in  the  desire  to 
investigate  the  application  of  digital  electronics  to  turoine  engine  controls.  Conse- 
quently, a joint  Integrated  Propulsion  Control  System  (IPCS)  was  established.  The  major 
goals  of  this  IPCS  program  were! 


(1)  The  demonstration  of  full  authority  digital  control  of  a highly  complex 
system. 


(2)  The  demonstration  of  combined  obntrol  of  an  inlet,  engine  and  exhaust  nozzle, 
and 

(3)  The  demonstration  of  a methodology  that  would  permit  rapid  and  effective 
solutions  to  complex  integration  problems. 

Since  the  achievement  of  inlet-engine  compatibility  in  a supersonic  aircrafc  is  a 
highly  complex  subject  not  completely  amenable  to  computer  or  wind  tunnel  simulation,  it 
was  further  decided  to  provide  a flight  test  which  would  demonstrate  that  the  IPCS  hard- 
ware and  control  modes  were  capable  of  functioning  as  designed  in  a realistic  environment. 
The  test  vehicle  selected  for  this  demonstration  was  a F-lll  equipped  with  TF-30  engines. 
The  propulsion  system  in  this  aircraft  required  the  control  of  eight  (8)  variables  (Fig  1) . 
These  variables  were:  (1)  inlet  spike  travel,  (2)  inlet  cone  travel,  (3)  7th  stage  bleeds, 

(4)  12th  stage  bleeds,  (5)  gas  generator  fuel  flow,  (6)  afterburner  duct  fuel  flow,  (7) 
afterburner  core  fuel  flow,  and  (8)  nozzle  area. 

Once  the  goals  of  the  program  were  established  in  detail  a division  of  responsibilities 
between  the  Government  Agencies  was  established.  The  Air  Force  Aero-Propulsion  Laboratory, 
in  addition  to  having  program  management  responsibility,  would  provide  the  control  modes, 
software,  control  hardware,  bench  test  and  sea-level  tests  by  means  of  exploratory  develop- 
ment contract;  NASA  Lewis  Research  Center  (NASA  LeRC)  would  provide  the  simulated  altitude 
testing;  and  NASA  Dryden  Flight  Research  Center  (NASA  DFRC)  the  flight  testing.  Each 
organization  participated  in  the  technical  direction  of  the  program  by  means  of  frequent 
meetings,  phone  calls,  reports  and  letters. 

THE  IPCS  PROGRAM 


The  contractual  portion  of  the  IPCS  program  was  initiated  in  March  1973  with  the 
Boeing  Aerospace  Co.  as  prime  contractor  and  the  Pratt  & Whitney  Aircraft  Division  of 
United  Technologies  Corporation  and  Honeywell,  Inc.  G&AP  Division  as  principle  subcontrac- 
tor. Key  features  of  this  contractual  effort  were  a three-phase  approach  that  emphasized 
thorough,  sequential  testing,  and  a tripartite  structure  that  stressed  communication  and 
utilized  intercorporate  engineering  teams  (Fig  2) . Although  the  program  details  are  dis- 
cussed in  Reference  1 and  4,  a short  outline  is  provided  below. 

Phase  I (Ref  4,  Ref  6)  consisted  primarily  of  analytical  efforts.  Initially,  F-lll/ 
TF-30  data  was  gathered  from  all  available  sources.  This  data  was  then  used  to  check  and 
trim  a combined  propulsion  system  simulation  of  the  inlet,  engine  and  control.  Verifica- 
tion of  simulation  accuracy  at  this  point  in  the  program  permitted  the  analytical  design 
of  the  control  to  proceed  with  a high  level  of  confidence.  Analog  simulation  of  the  pro- 
pulsion system  was  also  developed  from  this  data,  and  used  in  the  development  of  the  digi- 
tal control  software.  In  addition,  there  was  Phase  I activity  in  the  areas  of  (1)  prelimi- 
nary control  design,  (2)  failure  mode  analysis,  and  (3)  component  selection. 

In  Phase  II  (Ref  1,  Ref  5)  the  control  hardware  design  and  component  fabrication  was 
completed  as  were  the  TF30  engine  modifications.  Also,  the  software  packages  were  de- 
veloped, finalized  and  validated.  Considerable  use  of  the  propulsion  system  digital  simu- 
lation was  made  in  this  software  effort. 

In  addition,  two  extensive  sets  of  testing  were  accomplished.  The  first  of  these, 
flight  assurance  testing,  was  performed  to  ensure  that  the  hardware  was  rugged  enough  for 
use  in  the  aircraft  and  that  flight  safety  would  be  maintained  (Ref  7) . The  second  group 
of  tests  was  a thorough  step-by-step  evaluation  of  the  functionality  of  both  the  hardware 
and  software.  This  latter  process  began  with  software  checkout  on  the  digital  simulation 
and  hardware  checkout  on  bench  tests.  The  hardware  and  software  were  than  joined  and 
tested  in  a closed-loop  bench  test  that  utilized  a real-time  engine  hybrid  simulation 
(Ref  5) . Only  after  completing  this  extensive  test  sequence  was  the  IPCS  used  to  control 
the  TF-30  engine  in  a sea-level-static  test  which  constituted  the  beginning  of  the  Phase 
III  effort. 

In  Phase  III,  the  engine  and  control  were  shipped  to  NASA  LeRC  for  software  evaluation 
and  development  in  their  Propulsion  Systems  Laboratory  altitude  facility.  At  LeRC,  NASA 
employees  were  responsible  for  total  test  operations,  data  instrumentation  and  recording. 
Contractor  personnel  were  responsible  for  the  controls-related  equipment,  software  changes, 
and  maintenance  of  software  configuration  control.  Essentially,  the  same  relationships 
were  maintained  during  the  flight  testing  at  NASA  DFRC  (Ref  9) . 

Considerable  intercorporate  and  interagency  coordination  was  required  to  ensure  smooth 
program  flow.  In  response  to  this  need,  Boeing  utilized  their  tripartite  team  approach  to 
materially  contribute  to  the  success  of  the  program  (Ref  4).  On  the  Government's  side, 
the  importance  of  the  program  was  well  recognized  by  upper  level  management  and  adequate 
facility  priority  was  made  available  to  ensure  that  no  significant  slippages  occurred. 

Once  the  basic  facility  scheduling  was  established  the  details  of  the  testing  programs 
were  resolved.  To  accomplish  this,  there  was  extensive  interaction  between  the  contractor 
team  and  the  responsible  NASA  LeRC  and  DFRC  organizations  responsible  for  the  overall  alti- 
tude and  flight  test  sequences.  Generally,  a priority  list  of  test  conditions  and  points 
was  established  by  the  contractor  team.  This  list  was  then  reviewed  with  the  testing 
organization  to  produce  a plan  that  permitted  efficient  test  operation  while  still  observ- 
ing the  requested  priorities  to  a high  degree. 
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Many  innovative  control  modes  were  investigated  and  flight  tested  in  the  IPCS  program 
(Ref  8).  These  include  direct  distortion  measurement  and  propulsion  stability  control, 
buzz  detection  and  recovery,  compressor  exit  Mach  number  surge  protection,  direct  after- 
burner fuel/air  ratio  scheduling,  airflow  bias  to  match  the  engine  to  the  inlet,  and 
nozzle  area  control  of  the  fan  operating  line.  In  order  to  accomplish  an  effort  of  this 
magnitude  in  36  months,  a highly  flexible  digital  control  system  was  utilized. 

CONTROL  HARDWARE 


The  basic  control  package  was  named  the  "digital  propulsion  control  unit"  (DPCU)  and 
consisted  of  a power  supply  unit  (PSU) , the  digital  computer  unit  (DCU)  and  the  interface 
unit  (IFU) . Due  to  cost  constraints,  these' units  were  neither  miniaturized  nor  hardened 
for  engine  mounting  as  is  standard  practice  in  the  USA.  Instead,  they  were  mounted  in  the 
aircraft  weapons  bay  and  air  cooled. 

The  computer  was  a 16-bit  machine  with  a 16K  core  memory,  a 1.2  microsecond  add/subtract 
time  and  a 10.8  microsecond  multiply  time.  The  16-bit  word  length  was  sufficient  to  main- 
tain adequate  precision  for  most  of  the  computations,  however,  in  some  cases,  double  pre- 
cision arithmetic  was  required.  In  converting  the  sensor  data  for  use  by  the  computer, 
twelve  (12) -bit  words  were  found  to  be  adequate  to  maintain  system  accuracy. 

The  remainder  of  the  flight  hardware  (Figs  3 & 4)  consisted  of  (1)  a computer  monitor 
unit  mounted  in  the  cockpit,  (2)  inle : and  engine  controls  that  were  specifically  modified 
to  allow  complete  computer  authority,  and  (3)  two  transducer  packages  — one  mounted  in 
the  wheel  well  to  service  the  inlet  requirements  and  the  other  mounted  on  the  engine 
(Ref  9)  . 

This  flight  hardware  was  supported  by  a set  of  ground  support  equipment  that  consisted 
of  (1)  a teletype,  (2)  a high  speed  paper  tape  punch  and  reader,  (3)  a static  simulation 
of  the  f igine  which  provided  simulated  signal  sources  to  the  IFU,  (4)  a load  simulated 
which  provided  loads  for  IFU  output,  and  (5)  digital-to-analog  channels  capable  of  driving 
analog  recorders.  This  system  proved  invaluable  in  the  development  as  it  permitted  sig- 
nificant levels  of  hardware  and  software  checkout  without  the  removal  of  the  control  from 
the  aircraft  and  vichout  the  running  of  the  engine. 

CONTROLS  SOFTWARE 

Although  the  computer  was  capable  of  compiling  software  written  in  the  FORTRAN  com- 
puter language,  assembler  language  was  used  exclusively  in  order  to  meet  the  30  milli- 
second cycle  time  requirements  of  the  control  system.  In  total,  two  (2)  complete  sets  of 
control  software  were  generated  (Ref  6). 

The  first  software  package  consisted  of  a digital  replica  (BOMDIG)  of  the  bill-of- 
material  analog  hydromechanical  control  modes  This  control  was  designed  so  that  an 
evaluation  could  be  made  of  the  IPCS  hardware  without  the  added  complexity  of  new  control 
modes.  The  simulation  accuracy  of  this  software  was  quite  good  and  is  illustrated  in 
Figure  5 where  is  is  compared  with  the  hydromechanical  control  (HMC)  for  an  acceleration 
and  deceleration.  Initial  flights  were  made  with  this  software  package  installed. 

The  IPCS  software,  on  the  other  hand,  was  designed  to  evaluate  a number  of  innovative 
control  modes.  These  modes  in  various  combinations  took  advantage  of:  (1)  the  computational 
power  of  the  system,  (2)  a high  level  of  inlet-engine  control  integration,  (3)  nonstandard 
sensing  schemes  and  (4)  the  use  of  computed  airflow  derived  from  a stored  fan  map  to  set 
fan  operating  line,  trim  inlet  geometry  and  fan  speed,  and  set  afterburner  fuel  to  air 
ratio. 

A description  of  the  entire  set  of  control  laws  would  be  too  lengthly  to  present  here, 
however,  two  of  the  loops  will  be  described  in  more  detail.  These  are  the  control  of  the 
gas  generator  fuel  flow  and  the  exhaust  nozzle  area  during  supersonic  flight.  The  combi- 
nation of  these  two  variables  was  used  to  provide  inlet  airflow  matching  at  a favorable 
fan  operating  point. 

In  the  production  system  an  air  data  computer  signal  representing  aircraft  Mach  number 
is  sent  to  the  main  fuel  control  where  it  trims  gas  generator  fuel  flow  and  thereby  engine 
speed  and  airflow.  A schedule  of  a ratio  of  intercompressor  pressure  to  turbine  discharge 
pressure  versus  corrected  gas  generator  speed  provides  the  basis  for  setting  exhaust 
nozzle  area  and  therefore  indirectly  setting  a fan  operating  point. 

This  mode  has  been  successfully  flown  for  several  years,  but  is  less  than  ideal  since 
it  is  sensitive  to  minor  cycle  rematching  and  horsepower  and  bleed  extraction.  The  con- 
sequences of  this  sensitivity  is  the  routine  requirement  for  field  trimming  while  the 
engine  is  in  afterburner  operation,  which  of  course,  produced  undesirable  manhour  and  fuel 
expenditures  and  exhaust  noise. 

The  mode  tested  in  this  program  scheduled  the  fan  operating  line  airflow  directly  as  a 
function  of  overall  engine  pressure  ratio  and  the  loop  was  closed  with  computed  fan  airflow 
(Figure  6).  The  difference  between  these  two  airflows  - airflow  error  - drove  an  integrator 
which  produced  an  exhaust  area  trim  signal.  This  signal  was  then  added  to  a base  area 
request  to  produce  the  final  area  request.  Base  area  was  established  as  a simple  function 
of  throttle  angle.  With  this  mode,  fan  operating  line  was  held  to  close  tolerances  and 
rapid  transient  response  maintained. 
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The  computed  airflow  was  also  utilized  to  adjust  the  engine  to  match  inlet  require- 
ments. In  this  mode  a reference  capture  area  was  computed  based  on  inlet  local  pressure 
ratio  and  compared  to  actual  capture  area  ratio  derived  from  computed  corrected  airflow 
and  inlet  geometry.  The  resulting  error  was  passed  through  a deadband  to  reduce  noise 
sensitivity,  clamped  to  assure  limited  authority,  and  inhibited  for  subsonic  operation. 

It  was  then  applied  as  a correction  to  the  fuel  flow  command  signal,  changed  engine  speed 
and,  therefore,  airflow.  The  combination  of  these  two  loops  was  designed  to  produce 
precise  inlet  airflow  matching  while  maintaining  the  fan  operating  point  near  peak  effi- 
ciency. It  also  eliminated  the  need  for  field  trimming  of  the  afterburner. 

FLIGHT  TEST  EXPERIENCE 

The  comparison  of  these  two  control  modes  began  at  the  airplane  trim  pad.  With  the 
necessity  for  retrimming  the  conventional  control  mode  in  the  field,  realistic  trim 
tolerances  have  to  be  established  due  to  control  hysteresis  and  due  to  the  physical 
endurance  capabilities  of  the  trim  crew  working  in  close  proximity  to  an  engine  operating 
in  afterburner  power  (Fig  7) . With  the  IPCS  nozzle  area  system,  the  afterburner  trim 
would  be  performed  under  the  same  trying  circumstances,  but  it  would  only  be  performed 
once  — when  the  control  is  mated  to  the  engine  and  the  aircraft. 

In  flight  the  nozzle  area  mode  consistently  held  fan  operating  points  to  a closer 
tolerance  than  did  the  BOMDIG  control  (Fig  8) . Although  airflow  is  a particularly  hard 
parameter  to  measure,  we  estimated  that  the  fan  operating  point  was  held  to  within  +1%. 

This  improvement  can  also  be  inferred  indirectly  from  the  transient  response  of  the  after- 
burner system.  The  IPCS  modi',  consistently  utilized  less  fan  surge  margin  than  the  BOMDIG 
control,  and  in  fact,  produced  surge-free  transients  at  extreme  flight  conditions  where 
the  use  of  the  BOMDIG  control  mode  often  resulted  in  surge. 

Performance  of  the  airflow  bias  . oop  was  in  general  satisfactory,  in  that  a high 
degree  of  airflow  matching  was  obtained.  However,  when  the  inlet  geometry  was  deliberately 
run  far  off  schedule  at  various  flight  conditions  in  order  to  study  loop  dynamics,  the 
transient  response  of  engine  speed  indicated  that  gain  compensation  would  be  required. 

For  this  application,  burner  pressure  would  not  be  suitable  since  it  does  not  vary  in  the 
required  manner.  Engine  pressure  ratio  is  a promising  parameter  for  gain  compensation  but 
the  flight  schedule  did  not  permit  a thorough  evaluation. 

Other  significant  results  from  the  flight  test  were  (1)  improved  engine  acceleration 
times  at  almost  all  flight  conditions  - the  one  slower  acceleration  occurred  as  the  result 
of  a turbine  inlet  temperature  loop,  (2)  increased  supersonic  rate  of  climb,  and  (3)  in- 
creased supersonic  range. 

The  flight  test  portion  of  the  program  proved  to  be  a valuable  investment  since  some 
additional  control  development  was  required  as  a result  of  flight  test  data,  and  the 
successful  accomplishment  of  these  changes  proved  that  the  control  concepts  developed  on 
simulations  and  in  altitude  cell  tests  were  sound  and  could  be  adapted  to  accommodate  air- 
craft installation  effects.  Furthermore  the  combined  inlet-engine  control  features  can 
now  be  incorporated  in  future  production  systems  with  significantly  reduced  risk. 

APPLICABILITY  TO  FUTURE  ENGINES 

Since  the  trend  toward  higher  performance  propulsion  systems  is  continuing  and  is 
generally  accompanied  by  increasing  levels  of  engine  complexity  (Fig  9)  the  requirements 
for  more  sophisticated  control  logic  and  more  accurate  hardware  will  continue.  These 
requirements  will  dictate  the  use  of  digital  electronic  controls  in  an  increasing  number 
of  future  high  performance  aircraft. 

The  IPCS  program  demonstrated  a number  of  items  that  are  expected  to  appear  on  fighter 
aircraft  engines  developed  in  the  1980’s  time  period. 

The  first  of  these  items  was  the  use  of  a full  authority  digital  computer  itself. 
Although  the  speed  and  memory  size  of  the  computer  can  be  considered  large  by  today's 
standards,  the  history  and  projections  of  semi-conductor  electronics  indicate  that  the 
size  and  cost  of  computers  will  continue  to  decrease  and  become  relatively  minor  consider- 
ations in  the  next  decade.  Consequently  the  IPCS  provided  a realistic  demonstration  of 
benefits  from  the  use  of  the  computational  power  expected  in  future  control  systems. 

The  second  feature  is  the  effective  manipulation  of  a many  variable  system.  As  the 
number  of  variables  increases,  the  control  complexity  grows  at  a far  higher  rate  due  to 
the  interactions  between  the  variables.  These  interactions  must  be  accounted  for  in  the 
control  system  in  order  to  produce  the  levels  of  performance  expected  from  the  variable 
engine  cycles.  In  the  IPCS  program  a control  for  an  eight  variable  propulsion  system, 
with  some  rather  strong  interactions,  was  successfully  analyzed,  developed  and  tested. 

Each  of  these  features  were  significant  in  themselves;  however,  the  true  benefit  of 
the  program  was  their  integration  into  a system  that  was  able  to  enhance  propulsion  system 
and  aircraft  performance.  This  integration  process  occurred  at  all  levels  in  the  design 
process.  Aerodynamically , fan-corrected  airflow  which  is  a key  parameter  in  judging  pro- 
pulsion system  performance  was  employed  as  a unifying  parameter  that  involved  inlet 
geometry,  gas  generator  and  afterburner  fuel  flow  and  nozzle  area.  With  respect  to  the 
hardware,  sensor  accuracy  and  the  precision  of  analog  to  digital  conversion  and  computa- 
tion were  all  selected  to  meet  system  needs.  In  the  software  area  a modularized  approach 
was  taken  and  the  modes  and  logic  were  designed  to  take  advantage  of  the  logic  capability 


of  digital  computers  and  were  not  in  the  case  of  the  IPCS  software  mere  digital  representa- 
tions of  an  analog  control  (Ref  6)  . 

While  these  factors  could  possibly  be  considered  logical  or  "good  pract.  ",  they  are 
often  difficult  to  achieve  in  practice.  The  tripartite  concept  used  in  the  IPCS  program 
did  much  to  enhance  communication  and  permitted  a broad  base  of  technology  input  to  the 
system  design.  With  this  approach,  teams  of  working-level  engineers  from  the  aircraft, 
engine,  and  controls  companies  were  co-located  for  two-week  periods  at  critical  points  in 
the  program  and  charged  with  the  task  of  working  out  detailed  control  system  design  and 
integration  problems.  Final  decision-making  authority  still  remained  with  the  appropriate 
authority;  however,  these  decisions  were  made  with  rather  complete  knowledge  of  the  inpact 
on  the  total  system. 

There  is  still  a considerable  amount  of  work  to  be  accomplished  in  preparing  for  ad- 
vanced engines,  particularly  in  the  area  of  algorithm  structure;  however,  the  IPCS  tech- 
niques provide  a sound  starting  point  for  these  advanced  efforts. 

CONCLUSIONS 


1.  The  use  of  a full  authority  digital  computer  is  an  effective  means  of  controlling 
a complex  propulsion  system.  Furthermore,  a decision  to  utilize  a computer  for  purely 
performance  purposes  will  generally  result  in  the  additional  benefits  of  control  self- 
checking and  some  degree  of  failure  tolerance  due  to  the  inclusion  of  additional  software. 

2.  Ai"craft  performance  can  be  enhanced  when  overall  propulsion  system  needs  are 
factored  into  the  detailed  control  made  design.  In  this  way  the  goals  to  be  met  by  the 
aircraft  are  taken  into  account  when  control  involving  detailed  component  performance  are 
formulated.  This  approach  proved  highly  effective  in  the  IPCS  program  and  resulted  in 
improved  engine  acceleration  times,  increased  supersonic  range  and  climb,  and  lower  flight 
idle  speeds. 

3.  Intercorporate  teams  of  control  designers  can  promote  improved  propulsion  system 
and  aircraft  integration.  Co-location  of  working  level  engineers  and  their  integration 
into  a single  design  team  resulted  in  early  management  visibility  as  to  the  system  impli- 
cation of  control  detailed  design. 

4.  Control  modes  that  do  not  require  field  trim  can  be  developed.  The  benefits  of 
this  feature  are  several:  (1)  improved  system  performance,  since  the  loss  of  accuracy 
due  to  human  element  is  minimized,  (2)  reduced  unproductive  engine  operating  time  which 
produces  an  increase  in  flying  hours  per  overhaul,  (3)  reduced  fuel  usage,  and  (4)  reduced 
pollution  and  noise. 
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DISCUSSION 


J.C.Ripoll 

In  your  comments  of  flight  tests  results  you  meationed  "extreme  flight  conditions".  Does  tills  include  very  high 
angle  of  attack? 

Author's  Reply 

The  term  "extreme  flight  conditions"  in  the  context  of  my  paper  specifically  referred  to  low  Mach  number,  high 
altitude  operation,  in  other  words  low  Reynolds  number  conditions.  High  angle  of  attack  operation  was  also  in- 
vestigated in  the  category  called  maneuvering. 


J.Kurzak 

How  fast  were  your  reheat  transients? 


Author’s  Reply 

That  is  a different  question  Co  answer  with  one  number.  It  varied  a lot  over  the  flight  envelope.  I would  say  at  one 
point  sea  level  static  for  example  we  cut  the  time  in  half  of  what  a standard  system  would  do.  We  ultimately  became 
limited  by  the  speed  at  which  the  nozzle  could  be  actuated  and  we  could  not  afford  putting  in  faster  actuators 
because  a stronger  structure  of  the  nozzle  would  liavc  been  needed. 


J.Kurzak 

Is  that  in  the  order  of  one,  two,  three,  four  seconds? 


Author’s  Reply 

Yes,  certainly. 


J.Kurzak 

And  it  is  in,  say,  2 seconds  you  completed  a t’utt  control  cycle  calculation  with  the  mass  flow  matching  it,  with  the 
nozzle  area  on  the  working  line,  and  feeding  the  correct  fuel  rate  to  it.  Was  that  a closed  loop  in  these  one  or  two 
second  ramp  times? 

Author's  Reply 

Yes,  this  resulted  from  the  basic  computer  cycle  time  of  30  ms.  A new  computation  was  done  every  30  ms  and  in 
some  cases  there  was  a minor  cycle  for  rather  fast  or  critical  computations  that  was  accomplished  in  only  $ ms. 


Ch  Bourgarel 

J’ai  bien  cotnpris  la  plupart  des  avantages  que  ce  systeme  de  regulation  van  donner  ct  ies  trois  gains  dc  consummation 
specifique  qu'on  peut  en  attendre.  Kst-ce  que,  en  cus  de  panne  pattielle  ou  de  panne  totale  du  systeme  il  est  prevu 
un  systeme  dc  secours  hydio-tnecaniquc  Ires  simptifie  qui  permcf  quand  mettle  d’utiiiser  la  maciiine? 

Author's  Reply 

The  basic  program  we  ran  was  exploratory  development  which  m the  USA  means  that  we  are  not  preparing  a system 
for  production.  In  the  case  of  the  system  that  was  actually  flown  we  had  a back-up  hydromevhanieal  unit  on  board 
the  aircraft.  And,  in  fact,  the  reason  it  was  there  let  me  add  that  it  was  used  eventually  was  that  it  was  very 
inexpensive  to  modify  it  to  accept  an  electrical  inpul.  So  any  time  the  pilot  felt  the  computer  was  not  acting 
properly  or  any  time  the  compute:  decided  it  was  uot  acting  properly  it  would  automatically  transfer  to  the  hydro- 
mechaiucal  control  unit. 


w.tttehl 

Can  you  give  the  order  of  size  of  improvement  tu  terms  of  thfust  and  SH‘  by  tat  going  to  dtgttal  engine  control, 
tht  integrating  inlet  ar-.d  engine  control.4 

Author's  Reply 

It  is  hard  to  bteak  numbers  down  in  that  fashion,  however,  we  did  achieve-,  for  example,  a I improvement  m 
supcfsotue  range  At  one  point,  we  doubted  the  rate  of  climb  just  by  having  one  engine  modified  and  swttched  into 
IPCS,  mode,  which  it  in  efi'rct  an  increase  of  thrust.  Ultimately , I think  file  payoff  for  integrating  the  tnlet  and 
engine  controls  together  will  be  m rehabthty,  cost,  and  weight  of  the  sontfwl  sysiem  It  would  be  possible  certainly 
to  handle  the  intercommunication  between  separate  boxes,  technically,  however,  the  economies  might  dictate  that 
we  put  them  together 


W.Uichl 

What  problems  ilo  you  see  in  applying  an  integrated  inlet  engine  control  system  for  t.ew  figlite.'s  to  be  developed  s 
aircraft  and  engine  developments  often  do  no  go  synchronous  time  wise. 

Author's  Reply 

The  biggest  problem  l see  in  actually  achieving  this  control  ami  production  are  legal  ami  corporate  problems,  not 
technical  ones. 


R.J.  lives 

('an  the  author  please  enlarge  further  on  which  control  loops  and  engine  parameters  required  the  faster  sample 
rate  (5  milliseconds?)  and  what  the  particular  control  ptoblcms  were  which  necessitated  this? 

Author's  Reply 

One  of  the  parameters  was  a high  frequency  intake  pressure,  utilized  in  determining  engine  surge  margin  require- 
ments. Another  was  a pair  of  pressures  at  the  rear  of  the  high  compressor  used  to  determine  available  engine  margin. 


A.C.Willmer 

If  1 have  understood  correctly,  you  have  used  corrected  airflows  from  the  fan  as  one  of  the  control  parameters,  ('an 
you  say  how  this  was  calculated  or  measured  in  the  aircraft  during  flight? 

Author's  Reply 

Yes,  in  part  of  the  UK’S  program  we  were  quite  concerned  about  maneuver-induced  distortion  at  the  fan  face.  We 
ultimately  used  four  pressure  sensors  at  the  fan  face,  specifically  located  for  that  particular  aitcraft  to  give  an  indi- 
cation of  distortion.  At  the  same  time  as  long  as  we  were  doing  thus  and  handling  the  information  onto  the 
computer,  we  also  combined  these  with  tail  pipe  pressure  to  formulate  what  came  close  to  being  fan  pressure  ratio. 
Given  fan  pressure  ratio,  fan  corrected  speed,  and  some  measure  of  the  Reynolds  number  index,  we  were  then  able 
to  go  back  and  calculate  (lie  airflow . 


A.C.Willmer 

There  was  no  sort  of  correction  tor  distortioaal  effects  on  the  fan  itself  either? 
Author's  Reply 

An  empirical  correction  for  distortion  effects  was  utilized. 


D.  Swann 

How  does  the  system  cope  witli  faulty  sensors? 


Author's  Reply 

In  this  control,  action  was  taken  due  to  failures  of  some  sensors;  the  computer  would  check  out  of  range,  it  would 
not  check  for  slow  drift.  In  .uine  cases,  we  had  sufficient  information  in  the  computer  that  il  a sensor  was  detected 
as  being  out  of  limits  tt  wa..  switched  out  of  the  system  and  a back-up  computation  of  the  parameter  was  used.  In 
fact  this  feature  turned  out  to  be  quite  useful  during  flight  test.  The  wrong  specification  tubing  was  used  in  one 
place  and  broke  up  during  supersonic  flight.  The  sensor  started  reading  out  of  range.  When  the  first  sensor  read  out 
of  range  the  computer  switched  to  the  back-up  computation.  When  the  second  sensor  went  out  of  range  due  to  this 
tubmg  failure  the  computer  turned  itself  off,  and  we  went  back  into  the  hydrotnechanical  mode  automatically. 
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SUMMARY 

The  engine  air  intakes  on  Concorde  are  controlled  by  special-purpose  digital  processors.  The  flight 
experience  gained  on  air  intake  control  has  been  applied  to  a study  of  the  feasibility  of  integrating  the 
controls  of  a powerplant  (air  intake,  engine,  reheat,  and  nozzles)  into  a single  digital  system. 

The  paper  describes  the  control  system  derived  in  that  study,  and  indicates  the  benefits  and  problems  of 
integration. 


INTRODUCTION 

The  Olympus  jet  engines  on  Concorde  require  that  variable  geometry  air  intakes  be  employed  to  supply  air 
at  a relatively  low  speed  and  corresponding  high  pressure,  in  order  to  optimise  the  aircraft's  performance 
over  its  whole  operating  range  the  geometry  of  the  intakes  needs  to  be  controlled  accurately  to  complex 
schedules  of  aircraft  and  powerplant  parameters,  both  in  steady-state  and  dynamic  conditions.  In  1970  it 
was  decided  that  control  of  the  Concorde  intakes  could  best  be  performed  by  an  airborne  digital  processor, 
and  the  Electronic  Systems  Group  of  the  British  Aircraft  Corporation  undertook  the  design  and  manufacture 
of  the  control  system.  A powerful  tool  used  in  the  design  was  a mathematical  model  of  the  intake  and 
engine  which  was  developed  on  a hybrid  computer,  and  which  could  simulate  the  response  to  atmospheric  or 
pilot-induced  transients  over  a wide  range  of  operating  conditions.  The  model  not  only  gave  design  data 
for  the  control  system  but  was  also  used  to  test  prototype  hardware  and  to  back  up  flight  trials  which 
began  in  March  1973. 

In  1974  the  National  Gas  Turbine  Establishment  (part  of  the  Procurement  Executive  of  the  Ministry  of 
Defence)  asked  that  the  expertise  gained  on  intake  control  be  used  to  investigate  the  ieasibility  and 
cost-effectiveness  of  integrating  the  controls  of  the  various  subsystems  of  a powerplant,  i.e.  the  intakes, 
gas-turbine,  reheat,  nozzles  and  reverse  thrust  mechanism,  (see  figure  1).  Currently  most  of  these  sub- 
systems are  controlled  independently  and  this  gives  an  excess  of  control  hardware  due  to  the  increase  in 
parameter  sensing  and  data  transmission  requirements;  the  diversity  of  equipment  brings  further  problems 
of  increased  spares  holding  and  maintenance  facilities.  As  powerplant  configurations  take  on  a greater 
degr  .e  of  variability,  and  as  vectored  thrust  is  further  exploited,  the  need  for  an  integrated  powerplant 
control  which  can  communicate  with  the  main  aircraft  flight  controller  will  be  even  greater.  It  was 
therefore  necessary  to  show  the  technical  feasibility,  advantages  and  limitations  of  an  integrated  system 
with  regard  to  current  powerplant  and  controls  technology.  It  was  decided  to  use  a civil  aircraft  as  this 
has  the  more  visible  need  for  economic  operation  and  in  order  to  avoid  the  use  of  classified  information; 
a Concorde-type  powerplant  wi.s  used  in  order  that  the  study  might  benefit  directly  from  past  experience 
and  an  existing  simulation.  Furthermore  to  comply  with  present  airworthiness  requirements,  it  was  decided 
to  concentrate  on  integration  "within"  a single  powerplant  rather  than  "across"  powerplants. 

The  systems  which  have  been  integrated  are:- 

Intake  control,  Primary  nozzle  control,  Engine  Starting  Control,  Engine  fuel  flow  control,  Noi  a 

abatement  procedures,  Secondary  Air  door  control,  Reheat  fuel  flow  control,  Reverse  Thrust  selection, 

Part  of  the  Air  Data  System. 

The  derived  systems  have  been  kept  independent  of  the  aircraft's  Central  Air  Data  Computers  in  order  to  free 
the  study  from  the  constraint  of  having  to  configure  the  systems  with  regard  to  an  interface  with  a second 
large  system  which  is  likely  to  be  dependent  upon  the  particular  aircraft  type. 

The  intake  control  system  on  Concorde  has  demonstrated  that  digital  controls  on  aircraft  are  not  only 
feasible,  but  highly  desirable  from  the  flexibility  and  reliability  viewpoints  especially  for  the  more 
complex  systems  such  as  integrated  powerplant  control.  Consequently  an  analogue  integrated  control  system 
was  not  considered  in  the  study. 

The  study  was  undertaken  in  three  parts.  The  first  was  to  investigate  the  feasibility  of  integrating  the 
system  by  deriving  a hardware  configuration  based  on  a centralised  processing  unit  controlling  all  the 
powerplant  subsystems.  The  second  was  to  disperse  this  derived  system  into  seperate  units  each  associated 
with  only  one  subsystem,  and  to  compare  the  hardware  parameters  of  the  integrated  and  dispersed  systems. 

(This  seemingly  inverted  approach  was  adopted  in  order  to  isolate  the  benefits  of  integration  from  those 
which  could  be  obtained  by  other  means  and  so  as  not  to  be  constrained  by  the  form  of  the  present  equipment.) 
The  third  part  of  the  study  was  to  define  the  benefits  that  could  be  obtained  from  integration  of  the  control 
algorithms,  and  from  the  generation  of  new  algorithms  subsequent  to  certain  failures,  made  possible  by  the 
hardware  integration. 


DERIVATION  OF  THE  INTEGRATED  SYSTEM 

The  general  shape  of  a supersonic  atrliner  (figure  2)  suggests  the  siting  of  the  electronic  control  units  near 
the  rear  of  the  fuselage  to  minimise  the  wiring  runs  to  the  powerplant  whilst  providing  a reasonable 


environment  and  easy  access.  However,  this  means  that  cockpit  signals  and  air  data  Information  must  be 
transmitted  over  a long  distance.  In  the  case  of  pressure  signals  necessary  for  the  computation  of 
aircraft  Mach  number  long  piping  runs  are  imprajtieal  and  pressure  sensors  must  be  sited  near  the  pitot 
probes.  Once  a unit  to  house  these  sensors  has  been  established  at  the  front  of  the  aircraft  it  is 
advantageous  to  use  them  as  data  collection  units  for  all  cockpit  and  air  data  signals,  and  to  'ransmit 
the  multiplexed  signals  to  the  control  units  using  digital  format  to  interface  directly  witn  direct 
access  memory  of  the  control  computer. 


The  control  laws  for  the  individual  subsystems  were  assessed  with  a view  to  obtaining  the  requirements  of 
total  computer  power  for  the  integrated  controller.  An  allowance  was  then  made  for  the  inclusion  of  cross- 
coupling  of  the  control  algorithms,  for  post -fa:  luro  algorithms,  and  for  t'".e  system  muni  luring  task.  The 
total  computing  requirement!  Were  estimated  to  be: 

Word  length  16  bits 

Storage  10,  000  words 

Input/output  125  channels  and  6,000  samples  per  second 

Add  time  5 mi<  jseconds 

Multiply  time  50  microseconds 


The  specification  of  a multiply  time  is  derived  from  the  large  number  oi  multiply  instructions  and  function 
generators  in  the  control  algorithms:  this  largely  determines  the  overall  response  of  the  control  system. 

In  a survey  to  find  if  these  requirements  could  be  met  by  a commorcially-avai lable  microprocessor  without 
recourse  to  special-purpose  hardware,  it  was  found  that,  in  general,  devices  brougut  onto  the  market  within 
the  last  couple  of  years  could  meet  the  n,;ed  whereas  cider  devices  could  not.  Consequently,  extrapolating 
into  the  near  future,  it  is  apparent  that  computing  power  would  not  be  a serious  problem  for  integrated 
controllers  and  that  the  pr  blems  of  multi -processing  would  not  be  encountered.  However,  the  large  number 
of  lnput-outpe •.  channels  needing  servicing  at  high  frequency  indicated  that  asynchronous  analogue-to-digital 
conversion  and  direct  memory  access  to  »'•  processor  was  vital.  This  DMA  facility  would  be  common  with  that 
which  inputs  signals  from  the  data  collection  units. 


The  system  now  takes  the  format  of  figure  3.  Estimates  of  the  failure  rates  of  the  units  were  made  in 
order  to  indicate  the  level  of  redundancy  necessary  for  the  system  to  meet  safety  requirements.  It  was 
found  that  the  control  units  would  each  have  a mean  time  between  failures  (MTBF)  of  2100  hours  and  so  the 
requirements  could  be  met  by  a system  which  had  dual  control  units  for  each  powerplant  with  one  in  control 
’/hilst  the  other  stood  in  readines  to  be  switched  in  when  the  first  indicated  a fault;  the  data  collection 
units,  each  with  a JT'ilV  of  6,000  hours,  would  need  to  be  triplicated  with  all  three  feeding  all  the  control 
units,  as  shown  in  figure  4. 


Each  unit  has  the  capability  to  detect  the  failures  within  its  own  control  circuitry  and  input  and  output 
interfaces.  Furthermore  each  control  unit  can  compare  certain  of  its  computations  with  equivalent 
computations  made  in  the  other  control  unit.  In  this  way  the  vast  majority  of  control  system  faults  can 
be  detected  and  isolated  to  a single  hardware  module  so  upholding  system  integrity  and  facilitating  main- 
tenance. This  system  configuration  allows  another  maintenance  feature  to  be  easily  included  - namely  an 
in-situ  test  system,  which  can  test  the  whole  control  system  in  all  its  operational  modes  at  maintenance 
periods  or  prior  to  each  flight.  At  these  times  safety  tests  can  be  conducted  which  could  not  be  carried 
out  during  flight.  The  use  of  a software-based  control  system  means  that  the  test  sequences  can  be  incorp- 
orated with  very  little  increase  in  hardware  and  the  use  of  data  collection  units  which  Interface  with  all 
control  units  means  that  these  test  sequences  can  be  stimulated  with  very  little  interface  hardware. 
Consequently  the  major  hardware  increase  for  the  incorporation  of  a test  system  i3  simply  a unit  to  initiate 
the  tests  and  to  observe  the  results. 


DISPERSAL  OF  THE  SYSTEM 

The  dispersed  system  consists  of  four  control  subsystems  as  follows: - 

Air  intake  and  secondary  air  door  control 

Engine  fuel  flow,  starting  and  primary  nozzle  control 

Reheat  fuel  control 

Noise  abatement,  secondary  nozzle  and  reverse  thrust  control. 

Each  of  these  can  be  made  independent  of  the  rest  except  for  their  sharing  of  sensed  inputs.  However  all 
subsystems,  with  the  exception  of  reheat,  require  an  input  of  some  air  data  signals  - Mach  number,  altitude, 
etc.,  derived  from  the  aircraft  pitot-static  probes.  Consequently  the  data  collection  units  of  the  integrated 
system  are  required  in  a similar  form  for  the  dispersed  system,  although  now  the  pilot's  control  signals 
will  not  pass  through  this  unit. 

Although  the  integrated  system  had  used  digital  technology  throughout,  it  was  felt  that  justification  was 
needed  before  this  could  be  applied  to  the  dispersed  system.  The  life-cost/complexity  curves  for  analogue 
and  digital  systems  are  shown  in  figures  5a  and  5b.  The  analogue  system  shows  the  characteristic  zero  cost 
for  zero  complexity  and  the  asymptote  beyond  which  any  increase  in  complexity  is  prohibitively  costly, 
especially  when  fault  identification  and  spares  holding  is  considered.  The  digital  system  shows  a relatively 
high  initial  cost,  with  a small  increase  in  cost  for  any  complexity  increase  over  a wide  range;  the  tigh 
sensitivity  to  the  number  of  similar  units  reflects  the  commonality  of  spares  and  test  equipment  which  is 
apparent  only  in  digital  systems.  Taking  a representative  curve  from  each  of  these  figures  and  cross- 
plotting them  in  figure  5c  indicates  that  the  thrust  reverse  and  socondary  nozzle  controller  could  be 
implemented  in  either  technology  whereas  the  other  three  units  should  be  digital.  When  it  is  considered 
that  the  data  collection  unit  could  alr.o  be  based  on  a microprocessor  the  benefit  of  having  the  whole 
system  in  a coirr'on  technology  can  bo  realised  and  tne  all-digital  system  can  be  compared  to  the  integrated 
system  using  common  ..pat  synthetics. 

Comparison  of  system  failure  rates  with  safety  requirements  Indicated  that  the  intake  and  engine  controllers, 
with  MTBF  of  3,400  and  2,900  hours  respectively,  should  be  dual-lane,  whereas  the  reheat  and  nozzle 
controllers  (both  with  4,400  hours  MTBF)  could  be  simplex  for  each  powerplant.  The  data  collection  units 
should  rimair  triplicated.  Thus  the  dispersed  system  takes  on  the  appearance  shown  in  figure  6,  The  3iting 


of  equipment  on  the  aircraft  would  remain  unchanged 


THE  BENEFITS  AND  PROBLEMS  OF  INTEGRATION 

In  comparing  the  integrated  and  the  dispersed  systems  it  becomes  apparent  that  there  are  three  major  areas 
of  cost  reduction  derived  from  system  Integration.  These  areas  are:- 

(a)  Equipment  costs  due  to  reduction  in  the  amount  of  system  hardware. 

(b)  Maintenance  costs  due  to  an  Increase  in  the  commonality  of  control  equipment. 

(c)  Running  costs  due  to  an  improvement  in  powerplant  performance. 

Against  these  benefits  is  the  fear  that  loss  of  independence  of  the  parts  of  the  powerplant  will  hazard 
the  aircraft. 

Equipment  Costs 

In  making  a comparison  between  the  hardware  of  the  dispersed  and  integrated  systems  it  is  necessary  to 
define  reasonable  limits  on  the  system  within  which  to  assess  size,  weight  etc.  The  limits  chosen  are  the 
outputs  of  the  sensors  and  the  inputs  of  the  actuators.  The  sensors  and  actuators  themselves  are  either 
common  in  the  two  systems,  or  vary  to  a very  small  degree  (for  example  the  number  of  sensing  elements  in 
the  intake  temperature  probe).  Also  all  displays  have  been  omitted  in  anticipation  of  the  move  towards  an 
integrated  cockpit  design. 

The  simplest  way  to  quantitatively  compare  the  hardware  of  the  integrated  and  dispersed  systems  is  to  use 
size,  weight,  power  consumption  and  tho  mean  time  between  any  fault  in  the  system.  Estimates  of  these 
values  are  shown  below. 


INTEGRATED 

CONTROL 

SYSTEM 

DISPERSED 

CONTROL 

SYSTEM 

UNITS 

VOLUME 

0.18 

0.29 

CABLE  LENGTH 

16 

25 

Km 

UNIT  AND 

CABLE  WEIGHT 

380 

580 

Kg 

POWER 

CONSUMPTION 

2.3 

4.0 

KVA 

MEAN  TIME 

TO  TROUBLE 

230 

140 

Hours 

These  figures  indicate  approximately  a 40%  improvement  of  the  integrated  system  over  the  dispersed  system. 
This  would  indicate  a 40%  cost  saving  for  the  purchase  of  the  control  system. 

Maintenance  Costs 

Maintenance  costs  can  be  considered  under  two  headings:  capital  costs,  for  the  purchase  of  spares  and  test 
equipment  (or  ATE  software)  and  the  training  of  maintenance  personnel;  and  the  recurring  costs  of  repairs 
to  the  aircraft  equipment. 

The  capital  costs  are  more  dependent  upon  the  number  of  different  types  of  units  in  the  system  than  on  the 
complexity  of  each  unit.  In  the  dispersed  system  the  units  are  of  low-to-medium  complexity,  but  there  are 
five  different  types,  whereas  the  integrated  system  has  only  two  types  of  complex  units.  Allowing  for  the 
commonality  of  the  central  processing  elements  of  the  units  in  the  dispersed  system  and  the  complexity  of 
each  unit,  it  has  been  estimated  that  adoption  of  the  integrated  system  would  give  a 33%  saving  in  capital 
maintenance  costs. 

For  each  fault  in  the  system  the  cost  of  repair  is  related  to  the  ease  of  isolating  the  fault,  the  cost  of 
the  element  to  be  replaced,  the  effort  required  to  make  the  replacement,  and  the  ease  of  retesting  the 
equipment.  The  middle  two  costs  will  be  similar  for  the  dispersed  and  integrated  systems,  but  isolation  of 
the  fault  and  unit  retest  will  be  more  costly  in  the  more  complex  integrated  units:  it  is  estimated  that 
this  is  a 25%  cost  increase  for  each  fault.  However,  the  Integrated  system  only  exhibits  a fault  once 
every  230  hours,  compared  with  onoe  every  140  hours  for  the  dispersed  system,  and  so  the  repair  costs  per 
unit  time  are,  in  fact,  25%  lower  in  the  Integrated  system. 

Running  Costs 

The  third  benefit  of  integration  is  improved  performance  or  fuel  consumption  that  can  arise  from  integrating 
the  control  algorithms  of  the  various  parts  of  the  powerplant.  No  attempt  has  been  made  to  quantify  this 
improvement  as  many  levels  of  integration  are  possible  and  the  results  would  be  applicable  to  only  one 
aircraft  type.  However  in  order  to  indicate  how  these  benefits  can  arise  a study  was  conducted  on  a full- 
rangi  areo-thermodynamic  model  of  the  whole  powerplant.  The  model  was  an  extension  of  that  used  for  the 
Cor dorde  air  intake  design  and  was  validated  by  comparing  its  results  with  data  from  flight  trials.  The 
model  was  found  to  be  within  the  scatter  between  powerplants  for  the  same  time  record  as  can  be  seen  from 
the  throttle-slam  traces  in  figure  7. 

To  date,  the  work  on  the  integration  of  the  control  algorithms  has  been  concentrated  on  trying  to  reduce 
the  pressure  fluctuations  in  the  intake  which  are  caused  when  reheat  is  ignited  or  when  the  throttles  are 
moved  rapidly.  It  has  been  found  that  by  incorporating  primary  nozzle  area  and  Jet  pipe  pressure  signals 


into  the  intake  control  these  fluctuations  can  be  reduced  by  about  40%  without  deteriorating  the  engine's 
response. 

Although  per  so  the  reduction  of  transients  in  the  powerplant  have  no  economic  benefit,  they  do  give  scope 
for  improved  performance  in  steady-state  operation.  This  is  because  the  engine  running  lines  normally 
have  to  be  displaced  from  their  optimum  to  give  an  adequate  surge  margin,  and  this  displacement  is 
determined  with  regard  to  rh a magnitude  of  possible  transients. 

Control  System  Faults 

Although  the  integrated  control  system  can  be  shown  to  meet  all  its  safety  requirements,  it  la  true  that 
certain  failures  can  have  a groator  effect  on  aircraft  handling  than  would  be  experienced  with  a dispersed 
system.  Although  very  little  cun  bo  done  to  reduce  the  effocts  of  some  of  the  more  remote  faults  (for 
example  the  failure  of  both  control  computers  for  one  poworplant),  integration  can,  in  fact,  alleviate 
some  of  tho  moro  probable  folluros.  Two  examples  of  this  are:  the  modification  of  the  control  algorithm 
for  ono  subsystem,  following  a failure  in  the  contrc’  of  another  subsysvera;  and  synthesis  of  a sensed 
parameter  from  other  information  in  tho  powerplant  following  a sensor  failure.  As  an  oxumple  of  this  latter 
case,  a study  was  undertaken  using  tho  poworplant  simulation  to  synthesise  a parameter  which  could  replace 
tho  engine  low  prossuro  spool  spood  (Nj)  should  its  sensor  fall.  This  parameter  was  chosen  as  it  affects 
tho  control  of  tho  Intako,  primary  nozzle  and  reheat,  and  is  thus  an  important  parameter  to  maintain  in  an 
intograt  systoa.  Nj  was  synthosisod  from  the  high-pressuro  spool  spood,  primary  nozzle  position  and 
intake  temperature,  oach  with  suitable  lags.  Figure  8 compares  tho  effects  of  a throttle  slam  using  the 
real  Ni  with  those  using  the  synthesisod  Nj,  by  showing  the  time-histories  of  the  excursions  of  intuke 
rocovery  and  real  Ni  from  their  scheduled  values.  Although  it  cun  be  soon  that  control  is  degraded  in  the 
acceleration  case  the  powerplant  Is  still  maintained  in  a safe,  surge-free  condition. 


CONCLUSIONS 

Integration  of  tho  powerplant  controls  for  a supersonic  airliner  is  feasible  using  modern  digital  control 
technology  and  Integrity  targots  can  bo  met  using  a dual-lane  type  of  system  with  triplex  sensing  of 
cockpit  and  air-data  information.  The  benefits  of  adopting  an  integrated  hardware  design  can  be  shown  to 
be  about  40%  in  control  system  purchase  costs  and  25%  In  maintenance  costs.  Integration  of  the  control 
hardware  permits  integration  of  the  control  algorithms  and  this  can  have  a beneficial  effect  on  powerplant 
performance  and  lienee  aircraft  operating  costs. 

Although  systems  Integrity  is  apparently  reduced  by  integration  there  are  other  integrity  features-such  as 
on-alrcraft  test  systems  and  reversionary  control  modes  subsequent  to  failures  - which  are  greatly 
simplified  In  an  Integrated  system. 
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DISCUSSION 


W.C.Swan 

You  slate  that  the  digital  system  was  dual  with  switching.  Was  the  system  fault  monitored  automatically  and  hence 
switching  could  occur  due  to  some  software  judgement  system? 


Author's  Reply 

Yes  it  was.  This  has  been  a philosophy  on  our  intake  control  system  on  Concorde  and  with  'right  modifications  we 
took  it  across  to  tins  study.  The  mam  modification  lias  been  a limited  amount  of  cross  com  paring  of  signals  between 
the  two  lines  of  control  in  the  pou  er  plant. 


J.M. Hardy 

Vous  me  dites  que  vous  aver.  fait  une  etude  de  eonsommation  specifique.  Je  pense  que  vous  I’ave/.  partieuliercmcnt 
faite  dans  le  cas  oil  la  temperature  d’entree  varie  a Mach  2.  Pouvez-vous  nous  indiquer.  par  exemple,  pour  les  con- 
ditions ISA  1 5 quel  ctait  le  gain  de  eonsommation  specifique  obtenu  par  votre  systems? 

Author’s  Reply 

Our  model  of  the  power  plant  was  designed  mainly  to  tell  us  the  computability  between  the  components  and 
between  the  sub-systems.  It  was  not  a model  trying  to  predict  specific  fuel  consumption,  so  I have  no  information 
on  this  topic.  We  considered  that  performance  benefits  can  arise  from  integration  of  controls,  but  primarily  this  is 
derived  from  reduction  of  mismatclung  of  the  subsystems  rather  than  a direct  reduction  of  SIC. 


RJ. lives 

Could  the  autiior  please  comment  on  how  software  reliability  could  be  dealt  with?  Can  he  suggest  any  methods 
whereby  the  software  design  can  be  demonstrated  to  have  met  the  reliability  targets? 

Author's  Reply 

Has  of  course  is  something  of  very  great  concern  for  a lot  of  people  at  the  moment.  It  seems  that  reliability  of  soft- 
ware as  you  have  discussed  it  is  no  more  difficult  than  getting  the  design  of  an  analogue  control  in  the  first  case. 
However,  there  are  more  complex  control  laws  being  used  in  digital  control  systems  and  consequently  the  problems 
are  greater.  I feel  that  She  steps  being  taken  at  the  moment  with  modular  software  and  testing  at  modular  levels, 
gradually  building  up  to  testing  of  the  whole  system,  wiU  prove  as  good  as  the  testing  of  normal  analogue  or  hydro* 
mechanical  system  designs. 


K.J. lives 

Can  you  suggest  a means  of  achieving  this  system  of  documentation  or  some  other  means  that  could  be  employed 
because  software  is  all  documentation  and  there  can  be  a vast  amount  of  it. 

Author's  Reply 

1 o me  as  a control  system  designer,  hardware  is  documentation  as  well.  Somebody  has  still  got  to  explain  how  it 
works.  Granted  that  software  is  all  documentation,  but  1 would  feel  with  the  use  of  high  level  language  now  coming 
into  the  control  field  this  problem  is  considerably  simplified.  The  programs  have  become  more  visible  to  a lot  mote 
control  engineers  and  to  a lot  of  people  on  the  specification  side  of  control  systems.  It  is  my  opinion  that  at  the 
moment  we  are  in  an  evolutionary  phase  which  highlights  all  the  problems,  eventually,  this  wi’1  settle  down  and 
everybody  will  agree  on  methods  of  documentation.  I think  that  at  this  time  the  most  promising  system  is  tile 
modular  ’tup  down’  approach  to  software  documentation  and  to  software  writing.  We  should  continue  on  that 
track  and  modify  it  as  necessary  as  the  technology  develops. 


RM.  Denning 

In  your  comparison  of  dispersed  and  integrated  control  system  for  the  Concorde  you  show  a saving  of  ?U0  kg  1 2 
passctigefsi  from  the  integrated  layout  the  current  aircraft  has  an  analogue  engine  control.  Is  this  assumed  ui  the 
dispersed  system  or  arv-  they  both  all  digital* 

Author's  Reply 

We  have  compared  digital  with  digital  Uc  did  briefly  undertake  a comparison  ot  analogue  and  digital  for  the  dis- 
persed control  system  and  in  our  optuton  the  tntake  control  and  the  engine  control  should  cettatniy  be  digital  on  a 
cost  effective  basts,  the  reheat  control  and  the  secondary  nozzle  control  ts  perhaps  a borderline  case  However, 
we  teel  that  having  a commonality  oi  technology  would  give  benefits  and  so  we  have  treated  all  the  units  as  being 
digital 
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ramme  Committee  Chairman:  During  the  past 

four  days,  we  have  listened  to  a number  of 

excellent  thought  provoking  papers  concerning  the  technical  possibilities  of  variable  cycle  engines  for  future  military  and 
civil  aircraft  applications.  We  have  heard  how  the  variable  cycle  engines  can  provide  economically  attractive,  environ- 
mentally acceptable  advanced  performance  for  supersonic  conventional  take-off  and  landing  aircraft  and  also  for  vertical 
take-off  and  landing  aircraft. 


We  have  heard  how  adaptations  of  variable  cycle  engine  concepts  can  provide  us  with  high  performance  engine  for 
air  transport  fuel  economy.  I think  we  are  all  aware  that  the  world's  petroleum  resources  are  rapidly  being  depleted,  and 
if  we  continue  to  consume  these  resources  at  our  current  rate  of  consumption,  the  consensus  is  that  the  world  will  essen- 
tially run  out  of  fuel  about  the  turn  of  the  century.  Therefore,  the  need  for  fuel  conservation  will  be  most  pressing,  if 
not  mandatory,  for  the  future  of  aviation  as  we  know  it  today.  We  know  that  it  takes  about  ten  years  or  more  lead  time 
to  develop  a fully  qualified  aircraft,  particularly  when  we  begin  with  some  new  engine  and/or  aircraft  design.  So  time  is 
passing,  let's  not  be  waiting. 

We  have  seen  some  provocative  fuel  conservative  engine  designs  such  as  the  high  speed  turboprops,  which  stirs  up 
our  imagination,  if  not,  nostalgia.  Perhaps  we  need  not  <ly  at  higher  speed  just  because  speed  represents  a sign  of 
p.  jgress.  I'm  not  sure  it  may  be  much  wise.  back  off  from  Mach  0.85  (and  higher)  and  fly  perhaps  at  Mach  0.75, 
where  we  could  use  less  sophisticated  and  less  costly  high  aspect  ratio  wings  rather  than  the  expensive  swept  wings  that 
we  have  for  the  Mach  0.85  transport. 


•Ve  have  also  heard  about  the  importance  of  integrated  controls,  both  for  the  engine  and  the  aircraft  and  how 
variable  geometry  can  be  applied  to  combustors  and  turbines  to  improve  performance  and  also  to  reduce  engine  exhaust 
emissions.  I think  the  way  of  the  future  will  dictate,  through  appropriate  regulations  that  aircraft  must  be  good  neigh- 
bors. and  not  be  intrusive  on  people,  not  only  in  the  vi>  inity  of  airports,  but  also  in  the  stratosphere  where  there  is  a 
great  deal  of  concern  regarding  the  deterioration  of  the  ozone  layer  that  protects  us  from  radiation.  This  deterioration 
results  from  oxides  of  nitrogen  emitted  by  aircraft  operation,  both  military  and  civil.  Perhaps,  the  ozone  depletion  fear 
may  vanish  as  we  learn  more  about  the  atmosphere,  but  then  again,  it  may  be  only  wishful  thinking.  1 don't  think  we 
can  afford  to  take  too  many  chances  on  cuir  future. 

I feel  like  1 am  quoting  the  scriptures  in  that  the  text  has  already  been  published  predicting  a petroleum  famine 
lasting  for  more  than  the  proverbial  seven  years,  predicted  by  Joseph;  perhaps  our  experts  on  tire  Round  Table  can  tell 
i-.s  what  wc  should  do  in  the  aeronautics  area  in  preparation  for  this  famine. 

1 have  asked  our  Round  table  Members  about  their  views  on  variable  geometry  engine  cycle  technology;  also  to 
identify  limitations  that  may  inhibit  the  development  of  variable  geometry  technology  for  military  and  civil  applications. 

I hope  they  may  provide  some  insight  as  to  whether  variable  geometry  engines  will  provide  such  things  as  surge  free 
engines  under  all  operating  conditions.  Perhaps  they  may  wish  to  tell  us  if  the  variable  geometry  engine  will  demand 
new  types  of  ground  test  facilities.  1 would  like  now  to  give  the  other  members  of  the  Round  Table  their  turn,  beginning 
with  Mr  Swan. 


Mr  W.C.Swau:  t would  like  to  first  observe  that  1 have  looked  at  this  conference  with  mixed  emotions.  I was  very 
pleased  to  hear  the  ieports  in  the  area  of  variable  geometry  turbines,  an  item  I am  very  much  in  support  of,  and  I was 
dchghied  to  hear  the  positive  side  of  developments  of  integrated  controls  because  I am  sure  that  this  is  a necessary 
supporting  function  if  ere  are  to  get  positive  reliable  variable  cycle  engines  into  our  future  aircraft.  On  the  somewhat 
negative  side,  I felt  that  we  are  repeating  or  viewing  programs  that  go  back  almost  too  far  in  history.  I don't  know 
whether  you  know  it  or  not.  but  Gerhardt  Newman,  of  the  General  Electric  Company  got  his  ideas  for  the  variable  stators 
on  the  170  engine  from  me.  because  t designed  and  built  a multistage  compressor  at  Wright  Field  in  104S  which  had  a 
var.able  geometry  eight  stages  and  ran  a two-foot  * two  foot  supersonic  wind  tunnel  As  far  as  I know,  it  is  still  funning 
almost  JO  years  later  When  I hear  stories  of  gfeat  fears  about  variable  geometry  compressors  t wonder  how  tong  we  have 
to  work  at  this  before  we  will  accept  theta  as  a thing  that's  here.  You  must  expect  that  my  inputs  to  this  committee  are 
pruxocatrve,  because  I feet  we  should  be  exploring  and  not  reviewing  works  of  the  last  50  years. 

Now  t would  tike  to  make  some  comments  on  the  meeting  of  things  that  I thought  were  only  marginally  covered  and 
need  to  be  worked  harder  before  we  can  all  fully  appreciate  this  kind  of  engine. 

t heard  only  one  paper  today  m the  area  of  nozzles  and  the  effect  of  the  use  of  variable  geometry  on  nozzles  and  I 
thought  that  this  author  wax  beginning  to  touch  a very  mtetestisg  area.  My  own  experience  is  that  nozzles  are  that  part 
of  the  engine  to  which  she  engine  manufacturer  pays  tittle  or  no  attention.  Yet,  it  must  be  considered  in  detail  in  the 


cycle  selection  because  it  is  a very  high  maintenance  and  drag  penalty  item.  It  is  one  of  the  most  underdesigned  items 
before  tile  aircraft  goes  into  production.  It  turns  out  that  if  you  study  variable  cycle  engines,  it  is  conceivable  that  for 
certain  missions,  that  include  both  mixed  supersonic  and  subsonic,  we  may  be  able  to  employ  fixed  geometry  nozzles, 
because  the  cycle  provides  both  air  flow  and  pressure  ratio  from  the  gas  generator  that  accommodates  the  fixed  geometry 
nozzle.  This  is  a rather  novel  concept  in  life  if  you  think  of  it.  because  both  the  intake  and  nozzle  designs  of  today  are 
principally  developed  to  accommodate  the  gas  generator.  It  would  be  interesting  if  the  engine  design  would  took  at  the 
entire  system,  including  the  nozzle  and  intake,  and  the  result  might  be  very  simple  nozzles  and  intakes  with  these  engines. 
When  you  add  up  the  total  cost  of  the  system,  the  designers  should  think  of  the  total  engine  and  not  just  of  the  compres- 
sor face  to  the  turbine  flange.  We  got  very  little  of  this  thinking  today  and  1 think  that  mechanical  design  evolution  can 
be  greatly  enhanced,  with  variable  geometry  in  the  gas  producer  section.  I have  alluded  to  intakes,  something  we  did  not 
look  at  all  this  week,  and  believe  it  is  possible,  in  some  uses  of  variable  geometry  engines  to  actually  car*'  :-’.r  f’xed  geo- 
metry inlets  and  let  the  air  spill  when  you  don’t  want  it.  This  could  lead  to  the  simplest  and  less  costly  r • .•  dsion 
system.  This  is  contrary,  in  part,  to  the  thoughts  of  our  Panel  moderator.  I would  not  suggest  this  idea  f r ivil  use.  but 
for  military  use,  it  may  very  well  be  that  you  can  afford  to  pay  for  complication  itt  the  gas  producer  and  get  away  with  an 
inexpensive,  very  cheap  intake,  so  that  the  net  cost  comes  out  very  favorable. 

Another  item  I’d  like  to  mention  is  (hat  we  all  do  studies  on  applications  of  these  engines  and  we  rack  them  up  in 
aircraft  comparisons.  I think  one  should  be  very  cautious  about  studying  the  influence  of  engine  design  parameters  as  to 
whether  in  your  decision  process  you  are  just  about  the  end  of  the  cliff.  F;or  example,  much  of  the  advances  in  engines 
that  weren't  discussed  this  week  are  from  increases  in  the  combustor  exit  temperature  which  lias  moved  up  considerably 
since  the  work  we  did  on  this  ten  years  ago.  Some  engine  concepts  are  more  sensitive  to  the  limit  on  this  value  than 
others  and  rather  than  make  a decision  on  the  type  of  engine  to  build  on  the  basis  of  some  small  temperature  margin,  we 
should  have  a look  at  the  effect  of  deterioration  in  attainment  of  the  temperature  goal  and  find  out  how  soon  the  parti- 
cular engine  you  are  talking  about  ceases  to  be  a competitor  where  it  was  a winner  before  it  fell  apart.  In  other  words,  we 
must  look  at  sensitivity  of  influence  coefficients  in  the  result. 

Finally.  I would  like  to  introduce  a movie,  and  with  it  I want  to  introduce  the  thought  of  concept  validation.  I 
have  seen  many  engine  manufacturers  and  Government  developers  who.  when  somebody  mentions  a new  concept  to  be 
looked  at,  start  thinking  in  terms  of  hundreds  of  millions  of  franco,  marks,  dollars,  etc.,  before  the  concept  can  be  vali- 
dated. 1 don't  believe  in  this  at  all.  I believe  that  if  you  have  an  int^tvSlir  j idea,  you  can  validate  a concept  without  an 
excessive  cost.  This  is  true.  also,  with  relation  to  variable  cycle  engines. 

I am  going  to  show  you  a film  that  cost  my  company  exactly  $1  SO, 000  U.S.  dollars  to  do  the  whole  job.  including 
the  design,  the  engineers,  the  manufacture  of  the  system,  the  tests,  evaluation  and  shutting  down  of  the  project.  I ask 
you.  who  work  in  Government  installations  and  private  industries,  whether  $ 1 50.000  dollars  is  a very  small  amount  of 
money  when  it  comes  to  doing  such  a job.  You  will  agree  from  what  you  are  about  to  see  in  tile  film  that  is  will  have 
answered  at  least  several  very  important  questions  to  us  on  the  future  of  variable  cycle  engines  and  it  was  done  at 
relatively  little  cost. 

Dr  H.Grieb:  I would  like  to  concentrate  my  comments  on  VCF 
subsonic  and  supersonic  missions.  Further,  I will  focus  my  co- 
whereas  1 will  leave  the  discussion  of  the  benefits  in  view  of  the 
the  aircraft  designers. 

In  accordance  with  publications  on  VCEs  known  so  far.  I got  ti  impression  in  the  course  of  this  conference  that  the 
flexibility  in  performance  required  can  be  achieved  in  several  ways.  When  I am  talking  about  "flexibility  in  performance” 
this  does  not  only  include  favourable  ( not  to  say  optimum)  SFC  in  reheat  and  dry  operation,  subsonic  and  supersonic, 
but  also  substantial  improvements  in  the  matching  of  engine  massflow  to  intake  capacity  under  ail  flight  and  engine 
running  conditions,  as  well  as  improvements  in  engine  operating  stability. 

In  the  papers  presented  during  this  conference,  many  engine  concepts  have  been  described  which,  on  the  one  hand 
certainly  are  capable  to  achieve  the  flexibility  aimed  at.  But  on  the  other  hand,  all  these  concepts  took  more  or  less 
complex  and  will  probably  result  in  considerable  excess  weight  and  cost  compared  with  current  engines  In  fact,  the 
weight  and  complexity  problems  to  be  expected  with  VCEs  appear  very  difficult  to  be  solved  and  eventually  this  would 
lead  to  a major  draw-back  for  this  type  of  engines  in  future.  But  here  we  should  differentiate 

for  missions  (mixed  supersonic  and  subsonic)  of  low  endurance  (say  in  the  order  of  one  hour)  my  comment  on 
the  weight  problem  will  certainty  hold. 

for  missions  of  medium  or  tong  endurance  (say  of  mure  than  (wo  or  three  hours),  the  excess  weight  of  VC£s  wtU 
be  of  minor  importance. 

A considerable  part  of  the  papers  presented  was  devoted  to  the  technology  of  variable  components,  including 
compressors  ( that  means  fans  and  multistage  eompu  ocs).  combustors,  turbines,  and  not  to  forget,  also  thrust  deflecting 
nozzles.  Variable  compressors,  that  means  compressors  with  variable  stators,  as  well  as  variable  nozzles  are  already  in 
use  with  current  engines  since  a long  time.  But  there  is  no  doubt  that  variable  turbines  which  are  not  yet  applied  in 
military  engines,  are  of  paramount  importance  in  order  to  achieve  the  flexibility  in  performance  in  the  comprehensive 
sense  t mentioned. 

Several  authors  who  described  VCt>  concepts  made  generous  use  of  variable  HI*  turbines.  In  my  mind  this  ts  a 
critical  point  and  tt  could  possibly  Wad  to  a further  draw-back  for  if  the  variable  Hf  turbine  really  would  be  an 
unavoidable  component.  We  should  realize  that  the  trend  to  higher  turbine  inlet  temperature*  wtll  be  going  oa  at  least 


'lita.y  aircraft,  that  means  for  aircraft  with  mixed 
n the  VCE  itself  and  its  problems  involved, 
achievable  with  this  type  of  engines  mainly  to 


in  military  engines  - and  within  the  next  decade  a level  of  say  1 700  to  1 750  K will  be  reached.  At  the  same  time,  this 
will  imply  very  sophisticated  cooling  techniques  which  probably  will  not  be  feasible  for  variable  HP  turbine  guide  vanes. 
Moreover,  the  trend  in  turbine  inlet  temperatures  will  also  worsen  the  situation  at  variable  LP  turbines  because  these 
will  enter  into  a temperature  region  where  turbine  cooling  is  required. 

It  may  be  encouraging  that  variable  turbines,  running  at  moderate  gas  temperatures,  are  in  civil  service  since  several 
years.  During  this  conference  we  got  some  further  insight  in  the  state  of  the  art  achieved  in  case  of  uncooled  variable 
turbines.  In  my  mind,  however,  it  would  be  very  worthwhile  to  hear  more  on  the  state  of  the  art  achieved  with  variable 
turbines  for  higher  temperature  that  means  with  cooled  inlet  guide  vanes. 

The  correct  function  of  the  control  system  under  all  flight  and  engine  running  conditions  will  be  at  least  as  impor- 
tant as  the  reliable  function  of  variable  components  themselves.  From  the  papers  presented  1 got  the  impression  that  the 
technology  being  in  hand  with  digital  and  analogous  types  of  control  systems  will  in  principle  meet  the  requirements 
given  by  the  VCEs.  But  we  should  keep  in  mind  that  very  probably  the  number  of  control  variables,  including  the  intake, 
to  be  integrated  with  the  control  system,  will  possibly  raise  to  say  10  or  12  compared  with  now  7 or  8.  I am  not  an 
expert  in  control  systems  but  I could  imagine  that  this  increased  number  of  control  variables  means  a considerable 
increase  in  weight  and  cost,  which  has  to  b„  added  to  the  excess  weight  and  cost  of  the  engine  itself. 

Once  again  I would  like  to  refer  to  the  problem  of  high  development,  production  and  maintenance  cost  to  be 
expected  with  VCEs.  When  these  costs  are  contrasted  to  those  of  current  engines,  it  could  be  worthwhile  to  clear  the 
question  if  by  the  introduction  of  VCEs,  the  number  of  different  types  of  engines  which  are  necessary  to  equip  the 
required  types  of  aircraft,  could  be  reduced.  If  a higher  degree  of  engine  commonality  could  be  achieved,  this  would 
result  in  some  benefit  in  development  and  production  and  also  maintenance  costs. 

Finally  I would  like  to  express  that  the  aspects  and  results  presented  during  this  conference  are  rather  encouraging. 
Certainly  only  a small  part  of  efforts  which  will  be  necessary  to  create  a VCE  leading  to  a higher  level  of  aircraft  per- 
formance and  effectiveness,  has  been  made.  In  my  opinion,  however,  it  is  necessary  to  continue  the  studies  carried  out 
so  far  iu  such  a way  that  the  work  should  be  concentrated  on  the  most  promising  concepts  in  order  to  make  th  m really 
feasible.  VCEs  will  certainly  need  intensive  demonstrator  programs.  But  my  personal  impression  is  that  the  time  for 
starting  a demonstrator  program  has  not  yet  come,  if  the  concepts  presented  here  include  all  existing  concepts.  This 
holds  only  for  military  engines  and  not  for  the  civil  engine  shown  here  in  a movie. 

Mr  J.F.Chevalier:  D’abord,  je  voudrais  excuser  Monsieur  Wanner,  Directeur  Technique  de  TONERA,  qui  devait  ctre 
present  a cettc  Table  Ronde  cet  apHs-midi  et  qui  n’a  pas  pu  y venir.  T le  regre.te  beaucoup  parce  que  e’est  un  tres  vieux 
specialise  des  moteurs  et  il  aurait  certainement  aime  discuter  de  ces  questions. 

Je  vais  done  cssayer  de  donner  quelques  impressions  que  je  peux  avoir  apres  ces  quatre  jours  de  sessio-  Un  premier 
point  que  m’est  apparu  est  que  Ton  reconnait  maintenant  ’’importance  fondamentale  des  variations  possibles  de  section 
de  tuyeres  dans  un  moteur  pour  optimiser  aussi  bien  le  fonctionnement  ' s composams  que  le  choix  du  debit  d’air  du 
moteur  pour  Tadapter  a la  tuyere  et  a Tentree  d’air.  Si  je  suis  content  de  voir  reconnaitre  cette  importance,  je  voudrais 
faire  remarquer  que  de  ce  cote-ci  de  TAtlantique  ccs  problemes  la  sont  etudies  et  les  resultats  des  eudes  sont  utilises 
depuis  pres  de  vingt  ans  dans  les  moteurs  militaircs.  Dans  un  programme  comme  le  programme  Concorde  je  crois  qu’on 
n’a  pas  menage  les  efforts  pour  adapter  completement  Tentree  d’air  et  la  tuyere  de  sortie  a toutes  les  possibilites  du 
moteur. 

Sur  un  plan  plus  general,  ce  qui  m’apparait  e’est  que,  apres  une  periode  ou  Ton  a essaye  d’etudier  des  moteurs  a 
c’  cle  variable  tres  ambitieux,  par  example  capables  de  propulser  un  avion  a Mach  3 en  ccisiere,  et  d’etre  ntanmoins  tres 
silencieux  au  decollage,  I’orientation  vers  le  domaine  militaire  nous  conduit  a des  objecufs  beaucoup  moins  ambitieux; 
d’ailleurs  dans  un  des  planches  qui  ont  ete  presentees  on  montrait  le  compromis  a faire  enue  [’amelioration  de  consom- 
mation  spdcifique  et  1’augmentation  de  poids  du  moteur  et  Ton  voyait  que  Ton  etait  beaucoup  plus  proche  du  succes 
pour  une  application  militaire  que  pour  une  application  civile  a croisiere  supersonique.  Cela  veut  probablement  dire  que 
1’objcctif  precedent  etait  trop  ambitieux. 

Neanmoins;  je  me  demande  pourquoi  on  abandonne  aussi  vite  1’objectif  tres  ambitieux  du  moteur  a cycle  variable 
capable  de  faire  une  croisiere  supersonique  et  capable  d’etre  silencieux  au  sol  et  au  decollage.  Je  vois  une  raison  a cet 
abondon,  e’est  une  espece  d’espoir  irraisonne  dans  les  miracles  de  la  technique  acoustique.  Ces  temps  derniers  on  a 
beaucoup  esperd  dans  (e  systeme  des  “co-annular  nozzles”  qui  effectivement,  si  il  tenait  les  promesses  announcees, 
eviterait  d’avoir  a faire  des  vrais  moteurs  a cycle  variable.  Or,  je  crois  personnellement,  et  les  analyses  que  nous  avons 
faites  de  ce  cote  de  TAtlantique  le  montrent,  que  les  gains  annonces  sont  tres  loin  d’etre  meme  envisageables. 

Je  souhaite  done  en  conclusion  qu’il  se  trouve  des  gens  suffisamment  imaginatifs  et  ambitieux  pour  relancer  l’etude 
de  veritables  moteurs  a cycle  variable  et  ne  pas  rester  sur  une  sorte  d’optimisation  des  moteurs  a double  flux  a post- 
combustion pour  le  domaine  militaire. 

Je  m’excuse  de  la  brievetd  de  mon  intervention.  C’est  sans  doute  Monsieur  Wanner  qui  aurait  eu  les  choses  les  plus 
interessantes  a dire.  Malheureusemcnt,  je  n’ai  pas  pus  recueillir  le  fruit  de  ses  reflexions. 

Mr  D.R.Higton:  I intend  to  keep  my  comments  very  brief.  1 agree  with  much  that  has  already  been  said  by  the  previous 
speakers  and  instead  of  reiterating  many  of  the  points  already  made  I should  like  to  just  add  a few  comments  and  to 
raise  a few  points  for  subsequent  discussion. 
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We  have  been  presented  with  a very  wide  range  of  papers  over  the  last  few  days.  On  the  one  hand  we  have  considered 
paners  advocating  v.  ry  advanced  multi-mode  variable  geometry  concepts  and  on  the  other  papers  dealing  with  fairly 
modest  extensions  of  current  tecnnology  to  incorporate  elements  of  variable  geometry.  There  was  surprisingly  little  in 
what  might  be  called  the  middle  ground,  where  the  compromise  between  radical  concepts  and  practical  engineering  cons- 
traints might  ultimately  lead  us.  I think  Mr  Payzer  brought  us  closest  to  ar:  appraisal  of  this  compromise. 

Mr  Swan  has  just  shown  us  a very  impressive  film  of  a dual-mode  powerplant  operating  on  a test  bed,  and  this  will 
obviously  encourage  us  to  seriously  consider  just  what  the  prospects  are  for  such  devices.  My  feeling  is  that  such  radical 
schemes  will  not  find  ready  acceptance  unless  the  potential  benefits  remain  very  large  after  an  extremely  thorough  and 
realistic  assessment  of  the  propulsion  system  as  a whole,  including  the  intake  and  nozzle,  in  relationship  to  the  aircraft 
and  its  mission.  We  must  remember  that  we  are  talking  here  of  systems  which  involve  very  high  technical  risks  and  very 
high  costs.  1 havi  had  some  previous  experience  with  a dual-mode  powrrplant  design  study  which  foundered  as  a result 
of  the  engineering  complexity  involved,  and  this  makes  me  "omewhat  cautious  about  the  prospects  for  some  of  these 
current  schemes.  However,  one  undoubted  benefit  from  this  kind  of  activity,  and  1 was  reminded  of  this  on  a number 
of  occasions  during  the  week,  is  that  it  can  offer  new  insights  into  how  best  to  design  powerplants  which  only  incorporate 
a limited  variable  cycle  capability. 

Regarding  variable  turbines,  l agree  with  Herr  Grieb's  comments  concerning  the  difficulties  of  incorporating  variabi- 
lity on  HP  turbine  stages  which  at  the  same  time  require  the  use  of  very  sophisticated  cooling  techniques.  1 would  be 
interested  in  any  comments  on  the  prospects  for  variable  HP  turbines  wnich  the  representatives  of  the  engine  industry 
might  like  to  offer  during  che  discussion  that  follows.  However,  1 am  left  wi;h  the  impression  that  variable  turbines 
downstream  of  the  HP  system  war;  ant  further  serious  consideration  for  many  potential  applications. 

One  matter  which  has  not  been  discussed  during  the  week  is  the  prospect  for  achieving  large  pressure  ratio  variations 
in  multi-stage  compressors  using  variable  stators,  or  even  limited  application  of  variable  rotor  blading.  I wonder  whether 
any  of  the  component  specialists  would  care  to  comment  on  this  later. 

We  have  heard  something  of  the  case  for  very  high  pressure  ratio  cycles  for  subsonic  transport,  and  I would  agree 
that  there  is  a strong  case  for  moving  in  this  direction.  However,  there  are  problems  associated  with  high  pressure  ratios 
as  we  all  know;  the  high  temperature  of  file  blade  cooling  air,  and  difficulties  in  maintaining  efficiency  in  the  later  stages 
of  the  compression  system  due  to  aspect  ratio  and  tin  clearance  effects.  One  further  consideration  which  came  up  this 
morning  was  the  impact  of  high  pressure  ratio  cycles  upon  NOx  emissions  and  1 wonder  whether,  even  with  variable 
combustion  systems,  we  may  not  be  forced  to  accept  lower  pressure  ratios  than  we  should  otherwise  prefer. 

Another  feature  of  the  week  has  bev-n  the  battle  between  the  advocates  of  the  short-cowl  variable-pitch  fan  and 
those  of  the  highly  loaded  propeller  or  prop-fan.  t hope  that  during  the  discussion  somebody  will  be  prepared  to 
comment  on  whether  the  high  hub  and  gear-box  weights  which  will  be  associated  with  the  prop-fans  might  not  exceed 
the  drive  system  and  cowl  weights  of  the  VP  fan. 

I feel  that  this  conference  has  provided  a stimulating  forun:  for  debating  the  potential  benefits  offered  by  variable 
cycle  engines,  and  for  reviewing  the  progress  in  variable  geometry  component  technology  which  will  ultimately  determine 
the  extent  to  which  these  benefits  will  be  achievable  in  practice.  Ihe  pace  at  which  we  can,  or  will,  move  towards 
variable  cycle  engines  is  clearly  a matter  which  will  continue  to  be  debated  vigorously,  but  1 think  that  there  can  be  little 
doubt  that  more  extensive  variability  than  is  currently  exploited  will  be  a feature  of  future  powerplants  for  particularly 
demanding  applications. 

Mr  M.Stoll:  J’aimerais  commenter  les  exposes  que  nous  avons  entendus  du  point  de  vue  de  l’avionneur  et  de  ses 
problemes.  Pour  simplifier,  je  classerai  les  avions  en  trois  categories:  les  avions  civils  supersoniques,  les  avions  civils 
subsoniques,  les  avions  militaires. 

Le  SST  semble  etre  tin  domaine  priviligie  duplication  de  la  geometrie  variable  des  reacteurs,  compte  tenu  des 
compromis  a realiser  entre  les  besoins  subsoniques,  supersoniques  et  d’environnement.  Mais  n’ayant  pas  d’experience  dans 
ce  domaine,  je  ne  ferai  pas  d’autres  commentaires  sur  ce  point. 

En  ce  qui  concerne  les  rvions  civils  subsoniques,  on  nous  promet  des  propulseurs  ayant  toutes  les  qualites  grace  k la 
souffiante  k pas  variable,  carenee  ou  non.  Les  consommations  seront  diminuees  de  30%.  Les  problemes  de  ‘reverse’,  de 
prelevement  ou  de  degivrage  en  descente,  de  temps  de  reponse,  seront  tous  eldgamment  resolus.  Ceci  ndeessite  bien  un 
reducteur,  mais  on  nous  montre  que  e’est  plutot  un  avantage  puisque  celcui-ci  permet  de  dealer  la  souffiante  par  rapport 
au  corps  haute  pression  pour  placer  1’un  devant  Paile  et  l’autre  en  dessous,  d’oit  une  solution  au  probleme  d’installation 
de  ce  propulseur  encombrant.  Comme  ceci  permet  de  plus  un  excellent  soufflage  de  la  voilure,  y compris  a 1’atterrissage: 
on  reduit  ainsi  les  longueurs  de  pistes.  De  plus,  comme  le  bruit  est  insignifiant,  du  moins  pour  les  riverains,  on  a resolu 
tous  les  problemes  des  STOLs,  du  moins  pour  les  avions  d’affaires  car  je  n’ai  pas  beaucoup  entendu  parler  de  gros  moteurs 
de  ce  type.  Toutefois,  quand  Mr  Gray  annonce  un  gain  de  DOC,  j’aimerais  etre  sur  que  le  coefficient  par  lequel  il  a 
certainement  multiplie  le  cout  d’entretien  des  reacteurs  par  rapport  aux  reacteurs  actuels  est  raisonnable,  pour  tenir 
compte  de  l’entretien  do  quelqucs  engrenages.  Et  le  prix  a payer  comprend  peut-etre  aussi  une  diminution  de  fiabilite 
ct  une  augmentation  dc  masse.  De  plus,  il  reste  peut-etre  encore  quelques  problemes  d’int^gration  et  je  me  demande  si 
1’on  a fait  des  essais  ^ Mach  0,8.  Je  ne  veux  pas  dire  par  ces  remarques  que  les  solutions  proposes  sont  a rejeter,  bien  au 
contraire,  je  crois  qu’elles  m^ritent  d’etre  validecs  par  des  essais  et  surtout  poursuivies  par  des  dquipes  mixtes  motoristes/ 
avionneurs  compte  tenu  de  1’importance  de  la  propulsion  et  de  la  sustentation  sur  la  performance  globable. 

En  ce  qui  c • cerne  les  avions  militaires,  peut-etre  offrent-ils  un  domaine  duplication  plus  large  a la  geometrie 


variable  des  reaeteurs  compte  tenu  des  problemes  k r^soudre.  Le  premier  probleme  est  de  fournir  la  performance 
souhaitee  dans  un  domaine  d’emploi  tres  vasie  et,  sauf  cas  particulars  d’avions  tres  specialises  - meme  si  l’avion  consider^ 
n’est  pas  tres  polyvalent  - les  exigences  d’un  programme  donne  son!  souvent  presque  inconciliables  avec  un  cycle  unique. 
Ces  exigences  en  performances  sont  de  deux  types:  d’une  part,  en  un  point  du  domaine  de  vol,  on  demande  au  moteur 
une  forte  poussee  pour  manoeuvrer  et  une  faibie  consummation  en  croisiere  ou  attente,  done  a faible  poussde,  et  la  ten- 
dance est  d’eearter  ces  deux  points  de  fonctionnement  l’un  de  I’autre  car  les  avions  deviennent  plus  fins  el  les  exigences 
de  manoeuvrability  vent  croissant.  D’autre  part,  le  domaine  de  vol  couvre  souvent  des  vitesses  tres  faibles  et  super- 
soniques,  de  basses  et  hautes  altitudes,  de  faibles  et  fortes  pressions  dynamiques. 

Mr  Ripoll  sur  une  des  ses  planches  a bien  montre  que,  pour  un  cycle  donne,  on  arrive  rapidement  sur  une  butee 
quelle  que  soit  la  direction  dans  laquelle  on  cherche  a elargir  Is  domaine  de  fonctionnement.  D’ailleurs  ces  problemes  de 
performances  conduisent  deja  a une  geometrie  variable  pour  certains  reaeteurs  actuels,  que  ce  soit  pour  I’entree  d’air  ou 
la  tuyere,  ce  qui  si  j’ai  bien  compris  Mr  Swan  est  d’ailleurs  perime,  et  a des  cycles  variable,  soit  par  stator  variable  ou 
decharge  de  compresseur,  soit  par  emploi  de  post-combustion;  on  sera  certainement  conduit  a alter  plus  loin,  par  exemple 
par  f emploi  de  distributees  de  turbines  variables  pour  repondre  a I’extension  du  domaine  de  poussee  ou  des  variations 
importantes  de  cycles  suivant  Is  mode  de  vol.  lei  encore,  et  Mr  May  l’a  bien  montre  ce  matin,  [’installation  joue  un  role 
essentiel  et  1’integration  de  la  propulsion  a la  cellule  necessite  un  travail  tres  concerte  entre  motoristes  et  avionneurs. 
LVchange  d’informations  devant  d’ailleurs  se  poursuivre  en  vol  pour  le  plus  grand  bien  de  la  regulation  de  1’ensemble 
propulsif.  Mais  ce  ne  sont  pas  les  seuls  problemes  a resoudre,  et  la  geometrie  variable  aidee  par  une  regulation  savante 
devrait  aider  a ameliorer  les  temps  de  reponse  en  poussee  face  a des  sollicitations  brutales,  par  exemple  au  combat  ou  en 
approche.  Egalement,  elle  devrait  rendre  le  reacteur  plus  tolerant  face  a une  alimentation  en  air  perturbee  par  de  tres 
grandes  incidences  ou  le  tir  d’armes  diverses  - et  bien  sur  l’avionneur  serait  tres  satisfait  si  la  geometrie  variable  permet- 
tait  de  diminuer  la  masse  et  l’eneombrement  du  reacteur.  Mais  peut-etre  faut-il  la  laisser  leur  chance  a d’autres  innova- 
tion techniques. 

Je  terminerai  par  une  derniere  exigence:  ces  differents  progres  dans  les  performances  ne  peuvent  pas  etre  obtenus  au 
prix  d’une  diminuation  de  la  fiabilite  et  de  la  security  et  - je  rejoints  la  certainement  Mr  Higton  - il  faudra  accumuler 
beaucoup  d ’experiences,  d’essais,  avant  d’appliquer  effectivement  les  differentes  techniques  qu’on  nous  a presentees. 

Mr  A.H.Jackson:  I’ll  be  talking  first  on  the  overall  weight  of  the  system.  The  effect  of  cutting  the  diameter  in  half  of  a 
conventional  propeller  which  of  course  is  accomplished  by  going  to  the  very  high  loading  with  the  prop-fan,  has  a very 
substantial  impact  on  the  rotor  weight  and  the  gear  box  weight,  both.  The  rotor  weight  is  cut  about  in  half  on  a conven- 
tional propeller  producing  the  same  thrust,  and  the  gear  box  weight  also  is  reduced  almost  to  a similar  amount  due  to 
the  overall  torque.  When  you  compare  it  to  the  VP  fan,  Dave  Gray  from  Pratt  & Whitney  went  into  this  in  considerable 
detail  as  did  the  General  Electric  Company  in  their  studies  for  NASA,  on  their  fuel  conservative  engine  work.  I’m  not 
sure  exactly  how  these  comparisons  came  out,  it  does  not  show  up  very  clearly  in  their  final  report  either.  But  just 
looking  at  that  particular  pressure  ratio  fan,  which  was  like  in  the  neighborhood  of  1.1  pressure  ratio,  the  diameter  is 
fairly  high,  and  by  the  time  you  get  a short  shroud,  then  you  got  a long  beam  supporting  it  along  the  vanes  - I think  that 
the  weight  trade-off  would  not  be  particularly  in  favor  of  that  kind  of  a fan  over  the  prop-fan. 

Now  going  to  the  higher  pressure  ratio  fan  of  1.25  and  on  the  assumption  that  you  could  make  that  a comparable 
performance  as  Ralph  Denning  suggests,  I would  suggest  it  would  be  lighter,  but  there  the  argument  has  to  boil  down  to 
the  relative  performance.  I don’t  think  the  difference  is  going  to  be  all  that  critical  to  the  aircraft  designer,  1 don’t  think 
the  argument  is  basically  falling  into  that  area. 

Mr  N.F.Rekos:  1 have  handed  in  a question  to  the  experts  and  would  like  to  repeat  it  here.  Will  variable  goemetry 
engines  demand  a new  type  of  ground  facility?  1 think  we  talked  about  very  high  pressure  ratios  in  the  order  of  45  to  1 
and  very  high  temperatures  in  the  order  of  3000°  F.  Should  we  be  prepared  to  face  this  problem  which  will  include  the 
problem  of  funding  as  work  on  VCE  will  be  very  active  in  the  future? 

Dr  H.Grieb:  I have  a question  for  you  Mr  Rekos,  concerning  high  temperatures  and  high  pressure  ratios.  Why  do  you  tie 
up  both  the  parameters  with  variable  cycle  engines.  1 mean,  if  higher  temperatures  will  come  because  they  are  feasible 
from  the  standpoint  of  technology  and  if  high  overall  pressures  make  sense  from  the  thermodynamic  cycle  point  of  view, 
they  will  come,  either  VCEs  will  come  or  not. 

Mr  N.F.Rekos:  I think  it  was  indicated  that  high  temperatures  and  high  pressures  provide  the  military  engines  with  the 
high  performance  that  they  must  have.  How  do  you  accommodate  high  pressure  ratio  like  45  to  1?  We  know  you  have 
problems  there  with  compressor  tip  clearances.  You’ll  find  that’s  a requirement,  and  you’ll  have  to  look  for  it.  But  let’s 
go  back  to  the  environmental  part.  If  we  go  to  these  high  pressures,  they  are  not  consistent  with  keeping  the  nitrogen 
oxide  down.  But  nevertheless,  we  have  to  take  a look  at  these  facilities  that  are  required  there.  We  have  very  few  facili- 
ties, for  example,  that  can  test  a combustor  at  40  or  45  to  1 pressure  ratio  within  a reasonable  size.  We  generally  have  to 
wait  until  we  get  an  engine  and  test  it  as  such,  which  becomes  very  expensive.  So,  1 would  indicate  that  you  do  need  high 
pressure  facilities  for  combustor  testing  in  order  to  be  prepared  for  some  of  this  work.  That  was  just  one  suggestion  I 
have. 

Now  to  answer  your  first  question,  I do  believe  that  high  performance  is  going  to  require  high  temperatures  and  high 
pressures.  Obviously  we  can’t  go  back  to  s .methmg  like  the  JT3D  or  the  JT8D  very  mild  pressures.  You’re  not  going  to 
be  No.  1 in  the  field  of  military  airplanes  if  you  resort  to  that  level  of  technology. 


Mr  C.Ripott:  Je  crois  qu’il  faut  consider  trois  paints  de  vue  differents:  Si  vous  parlez  de  moyens  d’essais  en  pensant 
instrumentation,  il  peut  y avoir  des  nouveaux  probldmes,  je  pense  par  exemple  d des  sondages  fins  dcrri6re  l’entree  des 
turbines  qui  est  variable.  J'imagine  assez  mat  comment  on  peut  analyser  finement  I'ecou lumen t alors  que  tout  est  en  train 
de  varier  dans  toutes  les  directions.  C’est  la  meme  chose  certainement  avec  toutes  les  chambres  de  combustion  variables. 

II  y a li  un  champs  de  developpcnient  pour  des  methodes  d ’investigations. 

Le  deuxidme  point  sur  hautes  pressions/hautes  temperatures  est  parfaitement  exact  mais  n’est  pas  necessairement 
lid  d la  geomdtrie  variable.  Nous  sommes  dejd  de  toute  fagon  sur  le  chemin  des  hautes  pressions/hautes  temperatures,  et 
nous  savons  qu’il  faut  faire  des  essais  extremement  realistes. 

Un  troisidme  point  est  je  crois  plus  important,  c’est  celui  de  I’intdgiation.  On  a insistd  beaucoup  sur  les  gains  globaux 
de  performance  qui  sont  obtenus  grace  d une  meilleure  integration  du  moteur  et  de  I’avion.  Si  I’on  considdre  I’avenir 
avec  par  exemple  des  avions  construits  en  nouveaux  matdriaux  qui  pourront  avoir  des  formes  diffdrentes,  des  moteurs 
qui  pourront  avoir  des  tallies  et  des  allongements  differents,  nous  pouvons  etre  amends  d demander  des  installations  qui 
permettent  de  faiie  des  essais  d’un  moteur  compldtement  intdgrd  d un  avion  et  Id  il  y a aussi  une  question  de  taille  des 
installations. 

Mr  M.Stoll:  En  tant  qu’avionneur,  je  m’associe  d cette  demiere  demande. 

Mr  N.F.Rekos:  I had  one  thought  cn  that  subject:  take  Mr  Swan’s  type  of  engine  where  we  have  a valve  arrangement, 
where  we  get  rapid  changes  from  by-pass  ratio  of  1.1  to  3.9  where  we  get  the  rapid  changes  in  nozzles  also.  Our  present 
facilities  are  not  capable  of  handling  the  altitude  changes  I am  referring  to.  He  resorted  to  an  outdoor  test  and  which 
might  be  o.k.  for  a sea  level  test.  Some  of  the  earlier  studies  that  Willis  and  Boxer  had  presented  here  require  operation 
of  these  variable  geometry  inlets  and  nozzles  at  altitude  conditions.  1 don’t  believe  we  have  facilities  that  will  be  able  to 
test  them. 

Mr  W.C.Swan:  I’d  like  to  change  the  subject.  I’d  like  to  provoke  some  arguments  on  the  subject  of  conservatism  versus 
being  what  would  be  called  a radical,  which  is  what  I am.  Let  me  quote  some  well  known  history:  I remember  that  in 
1957  we,  at  Boeing,  were  looking  for  an  engine,  other  than  a turbojet,  and  we  went  in  the  engine  industry  in  Europe  and 
in  America  and  the  Rolls-Royce  Company  in  Derby  was  the  only  one  brave  enough  to  propose  an  engine.  They  were  so 
brave  that  they  proposed  the  2/10  by-pass  ratio  engine.  Our  calculations  suggested  it  ought  to  be  at  least  one,  and 
possibly  two,  so  far,  the  radical  group  I represent,  and  Rolls-Royce’s  reasons  for  not  going  above  2/10  by  pass  ratio  was 
that  the  discs  would  fall  apart.  They  thought  you  could  not  hold  an  engine  together  at  about  2/ 10th  by  pass-ratio.  So 
they  built  the  Conway  and  they  sold  a few  of  them.  We  finally  broke  back  Pratt  & Whitney  in  half  with  the  JT3  and 
told  them  they  could  make  a fan  out  of  it.  They  came  all  the  way  up  to  1 .3  and  they  walked  away  with  the  entire  busi- 
ness. General  Electric  who  did  not  even  have  an  engine  at  the  time  were  dying  to  do  something  because  they  had  nothing. 
They  worked  like  hell  to  come  up  with  an  aft-fan  engine  and  they  would  make  a by-pass  3.4  or  5.  anything  1 wanted. 

But  at  that  more  point  in  time,  we  weren’t  too  sure  of  the  aft  fan  engine  programme  and  the  guy  in  the  middle  won 
the  business.  But  not  by  his  own  doing.  1 remember  promoting  the  so-called  high  by-pass  ratio  engine  back  around  1 9<>5, 
long  before  a thing  known  as  project  forecasting  group  in  the  US  existed.  Finally  that  group  of  people  got  interested  and 
supported  the  idea.  I remember  personally  going  to  Pratt  & Whitney  with  a high  by-pass  fan.  They  told  me  you  had  a 
pretty  gear  box  in  between  the  turbine  and  the  fan  and  it  coukl  never  happen.  They  are  selling  probably  their 
5000  JT/9D  to-day  without  a gear  box.  So  1 think  we  are  seeing  in  this  room  the  conservatism  of  the  designer  and  the 
radicalism  of  the  buyer,  and  the  buyer  always  wins. 

Mr  A.J.B.Jackson:  Tarn  sorry  about  Mr  Swan’s  troubles  with  Pratt  & Whitney.  I’d  also  like  to  comment  at  once  to  some 
of  his  earlier  remarks  about  nozzles.  He  ought  to,  perhaps,  buy  Ids  engines  from  companies  which  supply  the  whole 
power  plant.  There’s  quite  a good  company  outside  the  United  which  does  that. 

I would  however  like  to  say  that  1 am  very  much  in  favour  of  innovation  and  looking  to  the  future.  I’m  not  wishing 
to  make  an  enemy  of  Mr  Swan  in  any  way.  1 would  also  like  to  say  in  support  of  this  that  we  have  offered  one  or  two 
things  in  the  past  which  have  caught  on  such  as  sweep  wings,  and  vertical  take-off  fighters  so  we  have  a history  for  being 
innovative.  I hope  that  we  can  continue  that  way. 

Mr  R.M. Denning:  First  of  all,  it’s  nice  to  know  that  the  aircraft  companies  are  within  the  forefront  of  everything  1 
only  wish  that  they  would  put  their  wings  a little  bit  fariher  from  the  ground,  so  that  when  somebody  wants  to  sell  a 
high  by-pass  engine  you  can  get  it  under  the  wings.  Anyway  that  is  my  way  of  being  humourous. 

The  other  point  l wanted  to  make  was  going  back  to  the  subject  of  higher  turbine  temperatures.  Unfortunately  I 
missed  Mr  Gray’s  lecture.  It  seems  to  me  that  the  talk  about  the  45  to  I pressure  ratio  raises  a few  questions  about  the 
cooling  air  temperature  in  the  HP  turbine  blades.  If  you  do  your  parametric  studies  with  a constant  blade  surface  tem- 
perature you  will  find  that  the  cooling  technology  of  the  blade  must  be  increased  as  you  go  up  in  pressure  ratio.  Now 
you  could  also  cool  the  cooling  air.  But  the  contemplation  of  an  air  to  air  heat  exchange,  taking  something  like  5 ' of 
the  core  (low,  cooling  it  perhaps  in  the  by-pass  and  then  bringing  it  back  into  the  engine  and  in  the  rotor  blade  is  a 
rather  appalling  thing. 

Now  if  you  take  a constant  technology  of  blade  cooling,  a very  simplified  assumption,  you  would  then  do  a para- 
metric study  with  a dropping  turbine  temperature  as  you  increase  the  overall  pressure  ratio.  If  you  do  those  sorts  of 
calculations  you  can't  come  up  with  any  justification  for  45  to  1 pressure  ratio.  In  fact  it  flattens  out  with  the  current 


level  of  turbine  efficiency  at  a pressure  ratio  of  about  30.  If  you  assume  a 90%  efficient  turbine  at  all  time,  it  flattens 
out  at  about  less  than  40. 

If  1 might  be  allowed  a third  point,  it  seems  to  me  that  variable  cycle  engines  serve  two  rather  distinct  purposes 
one  is  to  improve  the  SFC  in  different  parts  of  the  flight  plan.  Now  with  variable  geometry,  due  to  the  possibility  of  leaks 
and  gaps  and  unfavourable  geometrical  situations  at  off-design  you  might  lose  that  SFC  advantage  if  you’re  not  very  care- 
ful. The  use  for  variable  cycles  is  to  make  the  aeroplane  do  something  it  could  not  poss.  jly  do  without  it.  One  can  think 
about  a number  of  systems:  the  convertible  rotor  plane  where  you  are  making  the  engine  to  do  two  quite  distinct  tasks, 
and  may  be  even  on  the  SST  where  you  are  getting  the  noise  down  which  otherwise  would  be  impossible  to  do.  If  these 
co-annular  nozzles  results  are  provided  with  forward  speed,  this  will  alter  the  whole  dialogue  between  the  engine  and  the 
aircraft  manufacturer  and  the  noise  authorities  and  will  allow  us  to  choose  quite  different  cycles  for  SST  engines. 

Mr  N.F.Rckos:  I think  what  these  studies  do  for  us  is  to  focus  our  attention.  Mr  Denning  mentioned  technology  levels 
significantly  above  where  we  are.  He  is  right,  the  technology  level  is  to  be  much  higher.  We  started  out  thinking  of 
compressors  with  pressures  up  to  20  to  1 in  six  stages,  but  it  requires  some  imagination,  some  thought,  sv-me  stimulus. 

We  feel  that  the  studies  were  conducted  with  great  sincerity,  realism  and  we  recognize  the  need  for  improving  our 
technology  in  the  compressor,  in  the  combustor  and  in  the  turbine.  So  we  are  starting  experimental  research  for  it. 

To  avoid  confusion  between  development  which  Mr  Swan  is  primarily  interested  in  as  he  wants  to  flj  on  the  other 
side  research  from  our  point  of  view.  We  want  to  be  able  to  provide  this  so-called  technology  but  it  is  required  of  us  to 
see  that  we  are  going  along  the  right  path.  So  wt.  feel  we  are  going  along  the  right  path,  with  the  very  high  by-pass  ratio 
turbo  fan:  by-pass  ratio  8 or  9 to  1 . without  gears  but  requiring  relatively  high  turbine  inlet  temperatures  and  a very  high 
pressure  ratio. 

In  order  to  obtain  those  benefits  one  must  put  attention  in  your  particular  research.  And  one  of  the  intents,  one  of 
the  AGARD  meanings  is  to  stimulate  research  in  the  AGARD  community.  We  are  not  in  the  position  to  direct  or  dictate 
anything.  So  what  we  are  trying  to  do  is  to  stimulate  some  thought  in  this  area  and  get  your  comments. 

Dr  J. Dunham:  Despite  the  availability  of  the  well  established  technology  of  variable  geometry  inlets,  both  the  B-l  and 
F-16  aircraft  have  fixed  geometry,  owing  to  cost.  Does  Mr  Swan  consider  the  decisions  wrong  or  does  he  see  advances 
>n  technology  reversing  the  balance  of  site  economic  considerations  involved? 

Mr  W.C.Swan:  l refuse  to  give  you  a direct  answer,  but  1 will  discuss  the  subject.  1 do  believe  one  of  the  higher  mainte- 
nance items  during  the  few  months  it  has  been  in  service  has  been  the  intake  and  the  control  system  of  Concorde.  On  the 
other  hand,  a much  lower  cost  item,  when  looking  at  the  variable  geometry  features  of  the  gas  producer  itself.  I look 
upon  the  inlet  as  a high  cost  item,  and  it  is  only  there  on  the  airplane  because  the  engine  manufacturer  has  never  invented 
the  supersonic  axial  flow  compressor.  Dr  Antonio  Ferri  tried  to  do  it  some  25  years  ago.  at  NASA  Langley,  but  he  found 
few  disciples  to  follow  him  up.  So  we  had  to  put  this  intake  on  to  Concorde  to  accommodate  the  engine. 

I believe  that  when  such  decisions  as  a fixed  inlet  are  made,  then  planning  should  suggest  totally  different  air  flow 
characteristics  for  the  engine. 

We  arc  smart  enough  ui  this  room  to  do  things  with  the  engine  that  essentially  make  the  engine  a constant  corrected 
flow  machine. 

Dr  J.Dunham:  Perhaps  1 could  just  comment  having  had  a little  to  do  with  variable  inlets  and  also  with  turbomachines. 
Yes.  I agree  that  the  variable  intake  and  the  control  system  are  high  cost  items.  But  looking  at  other  variable  geometry 
bits  inside  the  engine,  I think  they  are  probably  more  complex  than  the  variable  inlets  and  they  have  got  another  control 
problem.  They  are  comparable  surely. 

Mr  LHourmuuziadis:  | have  a question  for  Mr  Swan.  He  shov/ed  us  a very  interesting  film  on  a demonstrator  engine 
with  a variable  by-pass  ratio.  The  demonstrator  did  cost  about  1 50,000  dollars  US.  He  did  not  tell  us  why  he  slopped 
the  programme  after  having  spent  file  1 50,000  dollars. 

Mr  W.C.Swan:  i didn't.  1 just  told  you  what  it  eost  to  answer  two  questions:  ( I ) Is  it  possible  to  put  something  in 
between  a fan  and  a compressor  that  plays  tricks  with  the  flow  without  having  the  engine  go  to  surge,  and  the  answer 
was  no,  there  was  no  problem.  ( 2)  U answered  the  question:  "When  you  change  from  one  by-pass  ratio  to  another  in 
an  extremely  short  time  or  a very  tong  time,  does  it  make  any  difference?”  The  answer  was  no.  Tbat’s  what  we  paid 
SI 50,000  dollars  for.  It  was  worth  it. 

Mr  N.F.Rekos:  I think  the  reason  was  to  show  how  tow  and  small  resources  might  be  to  try  another  innovative  concept. 

Ur  H.Grieb:  Mr  Swan,  if  you  would  transmit  the  concept  shown  in  your  movie  tu  a military  engine  for  an  aircraft  with 
supersonic  intake  and  certainly  then  with  two  or  three  stage  fans  in  series  and  in  parallel,  would  you  consider  the  concept 
you  have  shown  to  be  feasible  for  this  type  of  engine? 

Mr  W.C.Swan:  Military  or  civil,  who  cares.  The  answer  is  yes.  Tliis  concept  would,  m my  opnuou,  only  make  sense  on 
a long-range  airplane  with  multbatouoa  requirements,  uoi  a short-range  airplane  at  any  speed. 


Mr  J.F.Chevalier:  Mr  Rekos  dans  son  introduction  a beaucoup  parte  d’eeonomie  de  carburant  et  finalement,  ?a  n’a  pas 
Pair  d’attirer  grand  monde  c’cst-i-dire  que  '.’on  est  pas  revenu  sur  la  necessity  d’economiser  ic  carburant.  Personnellement 
je  ne  vois  pas  tres  bien  dans  Ic  domaine  militaire  cette  neeessite,  mais  je  pense  qu’il  n’y  a pas  eu  beaucoup  de  commen- 
taircs  sur  cc  sujet. 

Mr  N.F. Rekos:  I agree  that  there  have  not  been  many  comments  on  that  particular  aspect.  Since  fuel  apparently  is 
plentiful  right  now,  no  one  bothers  with  it.  Many  of  us  will  wait  until  the  problem  becomes  aggravated.  When  you  are 
denied  access  to  fuel  you  II  find  you  have  a problem,  but  then  it  will  be  too  late,  you  will  not  be  prepared  and  you  will 
not  fly  then. 

Again  I wish  to  thank  tile  Panel  Members  of  the  Round  Table  for  their  time  and  effort  in  preparing  the  comments. 
Thank  you. 


CLOSING  REMARKS  OF  THE  PROGRAM  COMMITTEE  CHAIRMAN 

Mr  N.t . Rekos:  We  come  to  the  close  of  what  I believe  has  been  a most  productive,  if  not  provocative  and  challenging 
meeting.  The  very  fine  papers  that  were  presented  and  the  subsequent  discussions  wieh  culminated  in  our  Round  Table 
Discussions,  when  put  together  in  the  final  proceedings  should  result  in  a noteworthy  and  memorable  document  a 
tribute  to  VGARD.  It  could  very  well  be  that  by  our  efforts,  we  have  laid  out  the  ground  work  for  the  design  of  future 
aircraft,  winch  I personally  feel  will  be  influenced  by  variable  cycle  engines  for  both  military  and  civil  applications. 

1 wish  first  to  thank  my  colleagues  on  the  Program  Committee  for  their  assistance  in  putting  together  the  program 
for  this  48th  Propulsion  and  Energetics  Panel  Meeting.  1 wish  to  thank  ali  the  authors  for  all  the  time  and  effort  that  I 
know  was  required  in  order  to  produce  the  fine  paper  they  presented. 

Special  thanks  to  the  French  National  Delegates  for  inviting  us  to  hold  our  meeting  in  these  fine  accommodations 
and  providing  the  most  welcome  reception  Monday  evening;  also  Messrs  Ripoll  and  Fabri  for  their  assistance  in  making 
our  stay  here  most  pleasant. 

Thanks  to  Mr  Krengel,  the  Propulsion  and  Energetics  Panel  Executive,  Mrs  Scopes  and  the  AGARD  Staff  for 
assisting  us  with  our  administrative  requirements. 

Last  but  not  least.  1 would  like  to  thank  the  Projectionist,  Mr  Leport.  the  electronic  technicians,  and  the  interpreters 
fur  their  excellent  and  raDid  translations. 
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missions. 
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Future  Aircraft,  Variable  Geometry  (Fans.  Compressors,  and  Propellers),  Variable  Future  Aircraft,  Variable  Geometry  (Fans,  Compressors,  and  Propellers),  Variable 
Geometry  (Combustors  and  Turbines).  The  session  related  to  components  included  Geometry  (Combustors  and  Turbines).  The  session  related  to  components  included 
two  papers  on  integrated  power  plant  control  systems.  two  papers  on  integrated  power  plant  control  systems. 
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